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Effects of Water Sprinklers on the Performance of
Low Level AFFF Aircraft Hangar Fire Suppression Systems

1.0 BACKGROUND

Current Navy design standards for protecting large aircraft hangars include both overhead
and low level aqueous film forming foam (AFFF) extinguishing systems [1]. The overhead AFFF
system typically consists of standard closed head sprinklers that are zoned within areas defined by
draft curtains. In some existing installations, the overhead systems are open head deluge systems.
The low level system typically consists of multiple high flow monitors (e.g., 1893 Lpm (500
gpm)). The low level AFFF and overhead deluge sprinkler systems are activated by separate
detection systems (heat detection or UV/IR).

Due to high costs incurred from damage of aircraft and electronics resulting from
accidental discharges of the overhead AFFF system in addition to environmental concerns
associated with AFFF, the Navy is exploring alternate suppression techniques. The proposed
approach would replace the overhead foam suppression system with a closed-head water sprinkler
system. The ground level AFFF delivery system would become the primary means of fire
suppression, and the overhead sprinklers would be used to cool adjacent aircraft and protect the
structural integrity of the hangar. The time delay in activating the overhead system would also be
minimized through the use of quick response sprinklers. This time delay has already been
quantified in previous studies [2].

The rational for replacing the overhead AFFF system with a water sprinkler system is
twofold. First, AFFF has a greater potential than water for damaging the aircraft electronics if the
cockpit is open, and second, the higher costs associated with installing, maintaining and restoring
the overhead AFFF system after an accidental discharge can be prohibitive. After discharge, the
entire suppression system must be overhauled, cleaned and the foam concentrate supply replaced
before the system can be put back in service. Additionally, there are environmental concerns
associated with the discharge of aqueous film forming foam (AFFF ) [3].

The concern with combining overhead water sprinklers with a low level AFFF
extinguishing system is the potential negative effects the water spray may have on the foam
blanket. Overhead sprinklers operating on the foam blanket might impact both the extinguishing
capability of the foam and its ability to resist burnback. When AFFF is applied over a flammable
liquid spill or fire, the foam blanket forms a vapor barrier, suppressing the release of flammable
vapors. If the integrity of the foam blanket is damaged, the vapors may escape and ignite.
Potentially, the water droplets from the overhead water sprinkler system could have sufficient

Manuscript approved April 19, 2000.



momentum and density to degrade the stability of the blanket. If the foam blanket stability 1s
compromised, the vapor barrier may be lost, and the potential for burnback and re-ignition is
increased. The application of water can also dilute the foam blanket, causing it to break down
faster which may result in the release of flammable vapors.

The Navy initiated this investigation to evaluate the capabilities of an aircraft hangar fire
suppression system consisting of a low level AFFF extinguishing system and an overhead water
sprinkler system. The design parameters of a proposed low level AFFF system that would
eliminate high flow foam monitors (using instead, numerous lower flow nozzles mounted flush
with the hangar floor) is the subject of a separate study [4].

This report describes the full-scale fire test results of the Aircraft Hangar Fire Protection
System Evaluation conducted at Underwriters Laboratories, Inc. (UL). The tests were conducted
in two phases. The first phase [5] served to bound the effects of various system parameters. The
second phase [6] quantified system performance over a range of fire scenarios.

2.0 OBJECTIVE

The objective of the investigation was to evaluate the effect overhead, water-only
sprinklers have on the effectiveness of low level AFFF fire suppression systems. The effectiveness
of the combined systems was based on its ability to extinguish a large spill fire, as well as the
ability to resist burnback. The spill fire was continuously supplied with burning fuel from a
shielded running fuel fire. The combination of the supply of burning fuel, the radiation from the
shielded running fuel fire and the degradation of the foam blanket resulting from the water spray
of the overhead sprinklers contributed to the fire burning back over the fuel spill surface.

3.0 FIRE SCENARIO

A significant hazard associated with an aircraft hangar is the ignition of a fuel spill
resulting from a broken fuel line or a ruptured fuel tank. The resulting fire might consist of both a
three- dimensional running fuel fire shielded by the wing of the aircraft and a large pool fire
produced by the spilling fuel. Upon detection of the fire by the UV/IR detectors, the low level
AFFF fire suppression system would be activated. If the overhead temperatures significantly
increased, the overhead sprinklers would also be activated. For this fire scenario, the low level
AFFF suppression system would be required to extinguish the pool fire resulting from the fuel
spill and prevent the fire from spreading to areas other than under the wing of the aircraft. The
proposed system would be required to prevent fire spread/burnback for a minimum period of ten
minutes (i.e., the design duration of the AFFF concentrate and the estimated time for the fire
department to respond to the fire). The system would not be expected to extinguish the running
fuel fire shielded by the aircraft wing. The potential to burn back across the fuel surface is a




function of the addition of burning fuel, radiation from the shielded fire and the degradation of the
foam blanket resulting from the water spray of the overhead nozzles.

The proposed fire suppression system consists of both a low level AFFF extinguishing
system and an overhead quick response closed head water sprinkler system. Upon the onset of a
fire, at a minimum, the low level AFFF extinguishing system would be activated either
automatically using flame detection or manually. If the fire spreads quickly, producing a large fire
before the fire is detected and AFFF is discharged, both the overhead water and low level AFFF
system may be activated simultaneously or in sequence. The possibility also exists that sprinkler
activation may be delayed until after the low level AFFF system has begun discharging due to the
time required for a hot layer to develop and to the thermal lag of the sprinkler. It is these fire
scenario and system variables that were mocked-up and evaluated during this fire investigation.

4.0 TEST DESCRIPTION

The fire scenario(s) consisted of a three-dimensional running fuel fire that created a spill
fire on the concrete floor around the fire apparatus. The fire apparatus consisted of a fuel cascade
located inside of 2 0.9 m x 0.9 m (3 ft x 3 fi) fuel pan. As the fuel cascaded down the apparatus,
the pan filled and began to overflow, producing the spill fire. The severity of the scenario was
varied by changing the fuel flow rate and the location of the fuel supply to the apparatus. The pan
fire and fuel cascade simulated a shielded running fuel fire located under an aircraft wing and was
intentionally designed to continue burning after the suppression systems were activated. As stated
in NFPA 409 [7], the low level AFFF extinguishing system was required to extinguish the spill fire
up to the pan housing and the fuel cascade in less than one minute from system activation. Upon
extinguishment of the fire, the system was required to prevent the spill fire from burning back
over the pool surface (e.g., 25% of its original size) for a period of ten minutes from system
activation. During these tests, the system was evaluated for twenty minutes to determine the
robustness of the protection provided by the proposed system.

The test was initiated by filling the pan housing and the fuel cascade with the test fuel
(either JP-5 or JP-8) and allowing the pan to burn for one to three minutes prior to activating the
running fuel fire. This preburn served to heat the fuel cascade, producing a more severe fire. The
cascading fuel continued to flow for a period of twenty minutes or until the test was terminated.
Once the resulting spill fire reached a predetermined size (either a specific burn area such as
9.3 m* (100 ft*) or a size based on temperature and radiation measurements), the fire suppression
system(s) were activated and observations were made of the time needed to control and
extinguish the fire. The fire suppression systems consisted of low level AFFF, overhead water
sprinklers and a combination of both.

During a limited number of tests, the overhead water sprinkler system was not activated
until five minutes after the low level AFFF extinguishing system. Independent of the activation
time, both systems remained activated until the end of the test or until the test was terminated.



The amount of AFFF discharged by the low level system was also varied during the test series.
The low level system discharged AFFF for a period of either five or ten minutes at which point the
system continued to discharge using water only.

The tests were generally conducted for a period of twenty minutes after the beginning of
the AFFF discharge or until the test is terminated. The test was terminated earlier if dangerous
conditions arose (the temperatures in the test facility exceeded a critical value) or when the fire
burned back to 25 percent of its original size. At the conclusion of the test, the fuel flow was
secured, and all residual fires were extinguished using a 3.8 cm (1.5 in) AFFF handline.

4.1 Test Area

The tests were conducted in the large-scale fire test building at Underwriters Laboratories,
Inc. (UL) in Northbrook, IL. The building measured 36.6 m x 36.6 mx 16.5 m (120 ft x 120 ft x
54 ft) with a 30.5 m x 30.5 m (100 ft x 100 ft) movable ceiling that was raised to a height of
approximately 13.7 m (45 ft). The floor of the test facility was surrounded with a drainage system
capable of handling 681,000 liters (180,000 gallons) of effluent. The test area was centered on
the west wall of the test facility. The actual test area measured 9.1 m (30 ft) x 6.1 m (20 ft) and
was located as shown in Figure 1. A concrete slab 5 cm (2 in) thick was poured in the test area to
prevent damage of the test facility floor. The test area was bounded on three sides by berms and
by a floor drain on the remaining side. This configuration assured that any effluent that entered
the test area was contained and collected in the building drainage system.

4.2  Overhead Water Sprinkler System

An overhead deluge sprinkler system configured in a 2 x 3 grid with nozzles installed with
anominal 3 m x 3 m (10 ft x 10 ft) nozzle spacing was used during these tests (Figure 2). Central
Model A pendent sprinklers were used during a majority of the tests. These nozzles were
installed approximately 0.3 m (1.0 ft) below the ceiling. In all but two tests, the system delivered
either 6.5 Lpm/m” (0.16 gpm/ft*) or 10.2 Lpm/m? (0.25 gpm/ft?) over a test area of 55.8 m?

(600 ft*). This corresponded to a total system flow rate of 363 Lpm (96 gpm) and 568 Lpm

(150 gpm) respectively. To achieve these application rates at similar system operating pressures
of approximately 55 kPa (8 psi), two sizes of sprinkler heads were used. This operating pressure
represented the minimum nozzle pressure allowed by NFPA 13 [8]. To deliver an application rate
of 6.5 Lpm/m® (0.16 gpm/ft?), a 1.3 cm (0.5 in) orifice was used. For the higher application rate
(10.2 Lpm/m? (0.25 gpm/ft?)), a sprinkler orifice size of 1.4 cm (0.53 in) was used. During two
later tests, higher water application rates were evaluated 20.4 and 40.8 Lpm/m?* (0.5 and

1.0 gpm/ft?). The 20.4 Lpm/m? (0.5 gpm/ft®) was achieved by operating the 1.4 cm (0.53 in)
nozzles at 280 kPa (40 psi). The higher application rate (40.8 Lpm/m? (1.0 gpm/ft?)) was
achieved using ESFR sprinklers with 1.9 cm (0.75 in) orifices operating at 560 kPa (80 psi).
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The central Model A pendent sprinkler heads are designed to produce a uniform
application rate over an area approximately 4.5 m (15 ft) in diameter. The ESFR sprinkler heads
have roughly the same area coverage but a majority of the water was concentrated in an area
approximately 2.0 m (6.5 ft) in diameter directly under the nozzle. As a result of this localized
area with a higher application rate, larger droplet sizes produced by the nozzles, and the higher
operating pressures, the spray velocities were significantly greater for the ESFR sprinkler heads
than for the standard sprinkler heads.

4.3  Low Level AFFF Extinguishing System

The AFFF delivery system is shown in Figure 3. The system was designed to deliver a
nominal application rate of 4.0 Lpm/m? (0.1 gpm/ft?) over the test area through two nozzles
located at opposite ends of the test area. This corresponded to a total system flow rate of
230 Lpm (60 gpm). '

The low level AFFF system consisted of two 1250 L (330 gal) AFFF storage tanks and a
pump with a capacity of 454 Lpm (120 gpm) at a pressure of 690 kPa (100 psi). The system
contained a bypass/recirculation line (not shown in Figure 3) which allowed the continuous
mixing of the AFFF solution prior to the test. Both the AFFF premixed tanks and a water supply
line were connected to the inlet of the pump. Each line contained a ball valve to control the flow
into the pump. This setup allowed the switching from AFFF to water at anytime during the test.
The discharge from the pump was measured using a turbine flow meter located between the
pump and the discharge nozzles. Two sections of 3.8 cm (1.5 in) fire hose were used to connect
the pump package to the discharge system.

The discharge system consisted of 2.5 ¢cm (1.0 in) schedule 40 PVC pipe with glued
fittings as shown in Figure 3. The nozzles selected for this application were Model NF30050
manufactured by Bete Fog Nozzle, Inc. The nozzles produce a fan shaped spray pattern and flow
113.6 Lpm (30.0 gpm) at a pressure of 276.0 kPa (40 psi). The nozzles were located at opposite
ends of the test area and staggered to prevent the spray patterns from over lapping in the center of
the area. The nozzles were installed 7.6 cm (3 in) above the test area floor and aimed
approximately 10° below the horizontal. The nozzles were aimed downward to reduce the spray
pattern coverage (throw) of the nozzle. The nozzle locations and orientation intentionally
produced a less-than-optimum low level system. The nozzle assemblies are shown in Figure 4.

4.3.1 AFFF Concentrate

Ansul 3% AFFF concentrate (MIL SPEC qualified [9]) was used during these tests. A
total of 1900 liters (500 gal) of AFFF concentrate was required to complete these tests. The
concentration of the premixed solution was checked using a refractometer before each test.
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44  Fire Apparatus

The fire apparatus was designed and constructed by the Naval Research Laboratory. The
apparatus is shown in Figure 5. The spill fire apparatus consisted of three sections. The first
section, the pan, was 1.0 m (3.2 ft) by 0.9 m (3.0 ft) by 15 cm (6 in) deep. The pan is supported
by four 0.5 m (1.5 ft) tall steel legs. A 0.5 m (1.5 ft) by 5 cm (2 in) notch was cut on one side of
the pan to allow fuel to flow out of the apparatus. A 0.6 m (2.0 ft) by 1.0 m (3.2 ft) steel plate
was attached to the pan directly under the notch. The plate extends from the pan to the ground at

an angle of 65°.

The second section was the fuel cascade. A 0.9 m (3.0 ft) by 0.6 m (2 ft) by 1.8 m (6 ft)
tall steel iron frame constructed of 3.8 cm (1.5 in) angle iron was located inside the pan. This
box served as a support for the five cascading trays. The trays were 0.8 m (2.7 ft) by 0.9 m
(3.0 ft) wide and are stacked 1.5 m (5.0 ft) high. The trays were bolted to the frame in such a
way to allow fuel pumped into the top of the apparatus to flow down each tray and into the test
pan below. A square steel roof with 1.2 m (4 ft) sides was attached to the top of the cascade
structure to shield the cascade from the sprinkler spray above.

The final section was the fuel delivery piping. The fuel was pumped into the apparatus
through 3.8 cm (1.5 in) black steel pipe to various locations on the cascade (top (Fire Scenario 1),
middle (Fire Scenario 2), or bottom (Fire Scenario 3)). The fuel cascade and piping was supplied
via a 2.5 cm (1.0 in) metal braided flexible hose connected to the bottom of the delivery piping.

The fuel delivery system is shown in Figure 6. The delivery system consisted of two
2200 L (580 gal) fuel storage tanks and a air-driven pump with a capacity of 57 Lpm (15 gpm).
The system contained two ball valves, one to control the flow (on or off) and the other to regulate
the flow (adjust the fuel flow rate). Between the control valve and the pump was a flow meter to

measure the fuel flow rate.

4.5 Instrumentation

Instruments were installed to estimate the size of the fire, the exposure to the structural
members of the hangar (primarily temperatures), the exposure to adjacent aircraft (primarily
radiation), and the discharge characteristics of the extinguishing systems (pressures and flow
rates). The thermocouple grid installed in the ceiling of the building was also used to monitor
the conditions produced by the fire. Ambient weather conditions outside the test building were
also recorded. The instrumentation scheme for the test area is shown in Figure 7. A complete
instrumentation package is found in Appendix A. Measurements from these instruments were
recorded every second for the duration of the test. A more detailed description of the

instrumentation is listed as follows.
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Figure 5 — Spill fire apparatus
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4.5.1 Thermocouples

Fifty-four thermocouples were installed to measure fire area, ceiling gas temperatures,
steel beam temperatures, concrete temperatures and fuel temperatures.

4.5.1.1 Fire Thermocouples

Twenty-five inconel sheathed Type K thermocouples were installed in a five by five
matrix in front of the fire apparatus to measure the spread of the fire. These thermocouples were
installed with a nominal 0.6 m (2 ft) spacing on the spill side of the fire apparatus. The
thermocouples were positioned 0.25 m (10 in) above the deck surface. These thermocouples
were fastened to all-thread rod screwed into anchors drilled into the concrete.

4.5.1.2 Steel Beam Thermocouples

Twenty inconel sheathed Type K thermocouples were installed in a steel beam attached to
the ceiling directly above the fire apparatus. The thermocouples were installed to measure the
surface temperature of the steel beam.

4.5.1.3 Hot Gas Thermocouples

Six inconel sheathed Type K thermocouples were installed in the overhead adjacent to the
water sprinklers to measure the hot gas temperatures during the test. The thermocouple grid
installed in the ceiling of the building was also used to monitor the conditions produced by the
fire.

4.5.1.4 Concrete Thermocouples

Two inconel sheathed Type K thermocouples were used to measure the concrete
temperature in the center of the fuel spill. These measurements were made at two depths (flush
with the surface and at a depth of 1.25 cm (0.5 in)). The exact location of these thermocouples
with respect to the spill apparatus are shown in Figure 7.

4.5.1.5 Fuel Thermocouple
An inconel sheathed Type K thermocouple was also installed in the fuel pan to measure

the temperature of the fuel during the test. The thermocouple was located in the center of the pan
2.5 cm (1 in) below the fuel surface.

4.5.2 Calorimeters

Five calorimeters were installed to measure the exposure to adjacent aircraft resulting
from the fire. Schmidt Boelter type calorimeters manufactured by Medtherm Company with a

14




full-scale range of 0-50 kW/m? were used for this application. Four calorimeters were installed
with spacings of 3.0 m (10 ft) radially away in the northeast direction from the center of the fire.
The remaining calorimeter were installed 3.0 m (10 ft) away from the center of the fire, 90° from
the other calorimeters (west). All five calorimeters were water cooled and installed at an
elevation of 0.3 m (1 ft) above the test deck and aimed horizontally.

453 Flowmeters

Flowmeters were installed in the low level AFFF extinguishing system and the fuel
discharge system. Turbine flow meters were used in these applications. The flow meter installed
in the Low Level AFFF Extinguishing System had a range of 570 Lpm (150 gpm). The flow
meter installed in the Fuel Discharge System had a range of 57 Lpm (15 gpm). The building
instrumentation and control system was used to monitor the flow rate of the overhead sprinkler
system.

4.5.4 Pressure Transducers

Pressure transducers were installed at both nozzles in the low level AFFF extinguishing
system. These transducers were installed to measure the discharge nozzle pressure of the system.
- The building instrumentation and control system was used to monitor the sprinkler head pressure
during each test.

455 Video

Three video cameras were provided by UL to simultaneously record each test. Two
cameras were positioned at the center of two adjacent sides, and the third camera was positioned
to give more of an aerial isometric view. Two additional video cameras were provided by the
Navy for these tests. The first camera focused on determining the height of the flame during the
test, and the second on determining the spill fire area. Both of these cameras were operated by
Navy personnel during each test.

4.5.6  Still Photography

Pre-fire and post fire photographs were made of each test as well as continual
photographic documentation during the test. The Navy provided additional cameras to document
the tests.
4.5.7 Visual Aids

Visual aids were added to aid in the determination of the fire size during the test. These

aids consist of a vertical chain positioned at the center of the fuel spill area to aid in the estimation
of flame height and a painted grid on the test floor to aid in the estimated of burning surface area.

15



4.6 Test Procedures

The tests were initiated from the control room located on the east side of the test facility.
Upon permission from the Lab Supervisor, the test sequence was initiated. At the start of the test
sequence, all personnel assumed their test positions and the pan at the bottom of the fire
apparatus was fueled to a depth of 10 cm (4 in). One minute prior to ignition of the fire, the
following events occurred: the extinguishing systems were brought on line; both the data
acquisition and video equipment were activated, and the accelerant (3.8 L (1.0 gal) heptane)) was
added to the fuel pan. The fire was ignited using a torch by a firefighter dressed in protective
clothing. After the fire burned for the set period of time (typically one minute), fuel was pumped
into the fire apparatus (fuel cascade). The fire then flowed down the cascade and spilled out the
ramp producing a spill fire on the floor around the fire apparatus. Once the fire reached the
predetermined size (9.3 m* (100 ft%)), the extinguishing system(s) were activated. This typically
occurred within two minutes of fuel flow. The test continued for an additional twenty minutes
after system discharge or until a spill fire area of 2.3 m* (25 ft*) had reignited (whichever occurred
first). Upon completion of the test, the fuel system was secured and firefighters extinguished any
remaining fires. The test area remained off limits until cleared by the Test Director and the Safety
Officer. Once the test area had been cleared for entering by the Safety Officer, the test area was
washed down and cleaned for the next test.

During the tests conducted without AFFF (only water from the overhead sprinklers), the
overhead sprinklers were activated simultaneously with the fuel pump. Consequently, water was
flowing from the sprinklers prior to the development of the spill fire on the concrete deck. The
assumption was made that if the overhead water sprinklers could not stop the fire from growing,
the sprinklers would not be able to extinguish the 9.3 m* (100 ft?) spill fire.

5.0 TEST OVERVIEW

The three suppression system parameters that were evaluated during this investigation
were: the duration of AFFF discharge, sprinkler application rate and sprinkler activation time.
These variables were identified during intermediate scale studies [10]. The effects of these
parameters were evaluated against a spill fire scenario produced using either JP-5 or JP-8 aviation
fuel. The severity of the spill fire scenario was also varied. A detailed description of these
variables is as follows.

Two AFFF discharge durations were evaluated (five and ten minutes). Current AFFF
systems are designed to discharge for a duration of ten minutes at the desired application rate.
Problems with the concentrate supply or with the proportioning system may result in reduced
AFFF flow durations. The five minute AFFF flow duration was chosen to represent the worst-
case scenario. In both cases, once the AFFF flow duration was complete, the low level system
continued to flow water at the same rate until the end of the test.
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Two sprinkler application rates were evaluated during these tests. The first application
rate, 6.5 Lpm/m? (0.16 gpm/ft?), is required by NFPA 409 [7] for overhead AFFF sprinklers. The
second application rate, 10.2 Lpm/m* (0.25 gpm/ft?), is required by NFPA 13 [8] for Extra
Hazard, Group One Occupancies (e.g., airplane hangars).

The overhead water sprinklers were evaluated using two system activations times:
simultaneous activation with the AFFF system (simultaneous) and activation at the end of AFFF
discharge (delayed). The simultaneous activation represents an overhead deluge application or a
rapid response from a closed head sprinkler system (potentially worst-case for the combined
system). The delayed activation simulated the time lag associated with a thermally activated
sprinkler system. Previous tests [10] have shown variations in system performance related to the
time the system was activated.

Typical Navy aircraft fuels include JP-5 (aircraft carrier based fuel) and JP-8 (shore based
fuel). These two fuels have different flashpoints (JP-5: 60°C (140°F) and JP-8: 30°C (86°F))
[11] and as identified during the intermediate scale studies, react differently to the combination of
AFFF and sprinkler suppression systems. Both fuels were studied in this test series.

The severity of the fire was also varied by changing the location/elevation of the fuel
supply to the cascade. The higher the supply elevation, the higher the temperature of the fuel
spilling from the fire apparatus. The higher the fuel temperatures spilling from the apparatus, the
more severe the fire. Three levels of severity were evaluated during this investigation. Fire
Scenario 1 was the most severe and used the full cascade. Fire Scenario 2 was moderately severe
and used half of the cascade. Fire Scenario 3 was the least severe and did not use the cascade.

5.1  Test Sequence and Logic — Phase I

The intended Phase I test sequence is shown in the flow chart in Figure 8. Variations in
the test sequence were made based on the performance of the system. The first two tests served
as a baseline for comparison of the capabilities of a low level AFFF fire suppression system in the
absence of overhead sprinklers. These tests were conducted using a five minute AFFF discharge
duration which represents a worst-case discharge time (short) for the current low level system
designs. Tests three through six evaluated the effects of sprinkler application rate on the low level
AFFF fire suppression system for the two test fuels (JP-5 and JP-8). These tests were conducted
with the ten minute design AFFF discharge duration. The remaining tests evaluated the effect of
AFFF discharge duration and sprinkler activation time. All of the tests in Phase I were conducted
using Fire Scenario 1.
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5.2  Test Sequence and Logic — Phase II

Upon review of the data collected during Phase I of this investigation, it was determined
that additional tests were required to further evaluate the proposed aircraft hangar fire protection
system. The intended Phase II test sequence is shown in a flow chart in Figure 9. Variations in
the test sequence were made based on the results of the tests. The first three tests evaluate the
suppression system’s capabilities using three sprinkler application rates (0.0, 6.5 and 10.2 Lpm/m?
(0.0, 0.15 and 0.25 gpm/ft)) and a ten minute AFFF discharge duration. These three tests were
conducted against the original fire scenario (Fire Scenario 1). This scenario was considered a
“worst-case” fire scenario due to the heating of the fuel in the cascade. The next set of tests
(Tests 4-8) evaluate both the proposed system as well as a water only overhead sprinkler system
against a less severe threat (Fire Scenario 3). The less severe fire scenario was produced by
effectively removing the fuel cascade. If the water only overhead sprinkler system would have
produced acceptable results, the water only system would have been re-evaluated against the
original “worst-case” fire scenario as well as evaluated using closed heads. Since this was not the
case, the water only overhead sprinkler system was re-evaluated using higher water application
rates.

6.0 RESULTS

The investigation included twenty-three full-scale fire tests and was conducted in two
phases. The first phase of testing was conducted using both JP-5 and JP-8 test fuels and focused
primarily on evaluating the effect that overhead sprinklers have on the capabilities of a low level
AFFF fire suppression system for a worst-case fire scenario. During the initial phase of testing,
questions arose pertaining to both the severity of the fire (i.e., unrealistically severe due to the
heating of the fuel to it’s boiling point prior to spilling on the deck) and to the quantity of fuel
spilling from the fire apparatus (i.e., the heating of the fuel increased the amount of fuel burned in
the fire apparatus and reduced the amount of fuel spilled on the deck). The flashpoint of the JP-8
test fuel was also determined to be approximately 10°C (18°F) higher than the JP-8 found on
typical Navy installations. Due to the questions pertaining to the fires and the fuels, the second
phase of tests was required.

The second phase of full-scale tests were conducted using a lower flashpoint JP-8 test fuel
(flashpoint of 47°C (117°F)). These tests were used to re-evaluate the effects of overhead
sprinklers on the low level AFFF fire suppression system against fuel spill fire scenarios with
varying degrees of severity. Both phases of testing also included an evaluation of the capabilities
of an overhead water only sprinkler system.
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Figure 9 — Test logic flow chart (Phase II)
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The results of the tests conducted during Phase I and Phase II of this investigation are
shown in Tables 1 and 2 respectively. A complete data package for each test is found in
Appendix A.

The first eight rows in the tables provided information describing the conditions of the
test. The next seven rows described the worst-case conditions produced by the fire. The spill fire
size/area was determined using the temperature grid located in front of the fire apparatus, and on
visual observations conducted during the test. The flame height was the height of the continuous
flame as determined by visual observations. These two measurements (spill area and flame height)
were then used to estimate the heat release rate of the fire. These estimated heat release rates
were in agreement with what would be expected if all of the fuel supplied to the apparatus was
being consumed (based on the fuel flow rate and the heat of combustion of the fuel). Also shown
in the tables were the exposures to adjacent aircraft (radiant heat fluxes) as measured at various
distances away from the fire. The effect of the application of water on the AFFF foam blanket
was based on both fire suppression and burnback resistance. The extinguishment times were
based primarily on visual observations. The 90% extinguishment time was the time to extinguish
90% of the spill fire. The 100% extinguishment time was the time when all visual flames were
extinguished. The burnback times for Fire Scenario 1 were based on both the measurements from
the thermocouple grid installed in front of the fire apparatus and on visual observations. The
burnback times for Fire Scenarios 2 and 3 were based primarily on visual observations. These
burnback times were defined as the time from the end of AFFF discharge to the time the spill fire
began to burn out of control. This typically corresponded to a spill fire area of approximately 3
m? (30 ft?).

6.1 Fire Scenarios

Two test fuels were included in this evaluation (JP-5 and JP-8). During the initial week of
testing (Phase I), the flashpoints of the test fuels were measured to be 63°C (146°F) for the JP-5
and 54°C (130°F) for the JP-8 [12]. The flashpoint of the JP-5 was representative of that found
in typical Navy installations but the flashpoint of the JP-8 was 10°C (18°F) higher than expected.
During the second phase of the testing (Phase II), tests were conducted using only JP-8 with a
measured flashpoint of 47°C (117°F).

Three fire scenarios were included in this evaluation. These scenarios consisted of: Fire
Scenario 1 — a full cascade with a 38 Lpm (10 gpm) fuel flow rate, Fire Scenario 2 — a half cascade
with a 57 Lpm (15 gpm) fuel flow rate and Fire Scenario 3 — no cascade with a 38 Lpm (10 gpm)
flow rate. An analysis of these fire scenarios is found in Appendix B. The results of this analysis
are shown in Figure 10 and are discussed in subsequent sections of this report.

6.1.1 Fire Scenario 1: Full Cascade/38 Lpm (10 gpm) Fuel Flow Rate

Fire Scenario 1 consisted of 38 Lpm (10 gpm) of fuel pumped into the top of the fuel
cascade (five ramps). This scenario produced the most severe conditions of the three fire
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Fire Scenario 1
Full Cascade

38 Lpm (10 gpm) Fuel Flow Rate

19 Lpm (5 gpm) Cascade

19 Lpm (5 gpm) Fuel Spill 5 m* (50 ft’)
200 °C (400 °F) Fuel Spill Temperature
70 Kw/m®> Exposure at Base of Ramp

? il
it
A

Fire Scenario 2
1/2 Cascade

57 Lpm (15 gpm) Fuel Flow Rate

7.6 Lpm (2 gpm) Cascade

49.4 Lpm (13 gpm) Fuel Spill

95 °C (200 °F) Fuel Spill Temperature
28 Kw/m® Exposure at Base of Ramp

Fire Scenario 3
No Cascade

38 Lpm (10 gpm) Fuel Flow Rate

1.9 Lpm (0.5 gpm) Cascade

36.1 Lpm (9.5 gpm) Fuel Spill

38 °C (100 °F) Fuel Spill Temperature
7 Kw/m®> Exposure at Base of Ramp

Figure 10 — Fire scenarios

24




scenarios included in this evaluation. Once the fire apparatus reached steady-state conditions (~
3:00 into the test), it was estimated that half of the fuel (19 Lpm (5 gpm)) was burned in the
cascade and the other half spilled down the ramp onto the deck. The 19 Lpm (5 gpm) burned in
the cascade produced approximately a 10 MW fire which heated the fuel to approximately 200°C
(400°F) and provide a radiant exposure of over 70 kW/m? at the base of the fire apparatus
(ramp). This boiling fuel and radiant flux provided a significant challenge to the extinguishing
system(s) with respect to both extinguishment and burnback. The 19 Lpm (5 gpm) of boiling fuel
spilling down the ramp was capable of producing a steady-state spill fire on the order of 5 m” (50
ft?). Since steady-state conditions are not reached simultaneously, the initial spill fire prior to
system activation was typically larger than the steady-state value. The combination of the
radiation from the fire apparatus and the spilling of boiling fuel provided a significant insult to the
AFFF foam blanket at the base of the ramp. As a result, the fire became established at the base of
the ramp shortly after the end of AFFF discharge (the switch from AFFF solution to water).

6.1.2 Fire Scenario 2: Half Cascade/57 Lpm (15 gpm) Fuel Flow Rate

Fire Scenario 2 consisted of a half cascade (three ramps) and was conducted with a fuel
flow rate of 57 Lpm (15 gpm). This scenario produced moderately severe (relative to the other
scenarios) conditions. It was estimated, based on the radiation and the flame height
measurements, that approximately 7.6 Lpm (2 gpm) of fuel was burned in the cascade and that
49.4 Lpm (13 gpm) of fuel was spilled down the ramp onto the deck. The 7.6 Lpm (2 gpm)
burned in the cascade produced approximately a 5 MW fire which heated the fuel to 94°C
(~200°F) and provided a radiant exposure of over 28 kW/m” at the base of the fire apparatus
(ramp). This heated fuel and radiant flux provided a less severe exposure to the foam blanket than
Fire Scenario 1. The remaining 49.4 Lpm (13 gpm) spilling down the ramp was capable of
producing a steady-state spill fire on the order of 12 m* (130 ft*). During Fire Scenario 2, the
suppression systems were activated when the spill fire area reached 9.3 m? (100 ft?). The
suppression systems were capable of quickly extinguishing the fire and prevented burnback until
the foam blanket was washed away by the water being discharged by both the low level and
overhead systems. '

6.1.3 Fire Scenario 3: No Cascade/38 Lpm (10 gpm) Fuel Flow Rate

The scenario consisted of 38 Lpm (10 gpm) of fue! pumped into the bottom of the fuel
cascade (1/2 ramp). Fire Scenario 3 was the least severe of the three scenarios. It was estimated
based on the radiation and flame height measurements, that approximately 1.9 Lpm (0.5 gpm)
burned in the fire apparatus (pan at the bottom of the cascade) and 36.1 Lpm (9.5 gpm) of fuel
was spilled down the ramp onto the deck. The 1.9 Lpm (0.5 gpm) burned in the apparatus
produced approximately a 1 MW fire which heated the fuel to 38°C (~100°F) and produced a
radiant exposure of over 7 kW/m? at the base of the fire apparatus (ramp). The 36.1 Lpm
(9.5 gpm) of fuel spilling down the ramp was capable of producing a steady-state spill fire on the
order of 9.3 m? (100 ft*). This fire was typically quickly extinguished and did not reignite
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(burnback) until the AFFF foam blanket had been washed away by the water being discharged
from the low level and overhead systems.

6.2  The Effect of Water Sprinklers on Low Level AFFF Fire Suppression Systems

The use of overhead water sprinklers had only a minimal effect on the ability of the low
level AFFF fire suppression system to extinguish a fire but had varying effects on the ability of the
system to resist burnback.

6.2.1 The Effect of Water Sprinklers on Fire Suppression and Extinguishment

Throughout this test series the fires were typically controlled (90% extinguished) in
approximately 30 seconds with complete extinguishment occurring approximately 30 seconds
later. The control (90% extinguishment) and extinguishment times are shown in Figures 11 and
12 for the tests conducted with JP-8.

As shown in Figure 11, the application of water from the overhead sprinklers had random
effects on the control times (90% extinguishment time). For Fire Scenario 3, increasing the
application rate systematically increased the 90% extinguishment times. For Fire Scenario 2,
increasing the application rate systematically decreased the 90% extinguishment times. For Fire
Scenario, 1, the application of water produced random results.

The same variability was observed for the 100% extinguishment times. As shown in
Figure 12, increasing the application rate systematically reduced the extinguishment times for Fire
Scenario 2 but produced random results for Fire Scenarios 1 and 3.

Independent of the fire scenario and sprinkler application rate, the AFFF foam blanket
spread across the surface of the test area extinguishing the fire at the base of the fire apparatus
resulting in only small pockets of isolated fires around the perimeter of the test area. These small
isolated fires typically remained burning until the foam blanket covered the entire test area
(approximately one minute after AFFF system activation). The duration of these isolated fires
appeared random in nature but the movement was a function of the spray patterns of the low level
nozzles and the resulting solution flow across the test area. This flow dependency produced
similar results between tests independent of fire scenario, fuel type and sprinkler application rate.
A typical extinguishment history is shown in Figure 13. Consequently, it can be concluded that
the discharge from the overhead sprinklers had little if any effect on the extinguishment
capabilities of the low level AFFF fire suppression system.

An Analysis of Variance (ANOVA) was also conducted on the data to verify these
conclusions. A detailed description of this analysis is found in Appendix C. The analysis defines
the probability that two sets of data are similar for a given confidence level. A 90% confidence
level was used in this analysis. If the probability determined using this analysis is
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Jess than 0.1, the two sets of data are statistically different. If the probability is greater than 0.1,
the two sets of data are statistically similar.

The analysis was conducted on the 90% and 100% extinguishment times for the three
sprinkler application rates evaluated during this investigation (0.0, 6.5 and 10.2 Lpm/m? (0.0, 0.16
and 0.25 gpm/ft?)). The probability determined for the 90% and 100% extinguishment times
were 0.25 and 0.84 respectively suggesting that the results were statistically similar between the
tests conducted with the various application rates. In conclusion, the water sprinklers had little
effect on the fire suppression and extinguishment capabilities of the system.

6.2.2 The Effect of Water Sprinklers on Burnback Resistance

Throughout this test series, burnback typically occurred three to five minutes after the end
of AFFF discharge (the switch from AFFF to water). Once the AFFF foam blanket drained away,
the fire quickly became established in the area directly in front of the fire apparatus. The flow of
the solution (AFFF, fuel and water) around the test area appeared to be the primary variable
relating to fire spread. Typically, the fire would flow toward the west edge of the test area and
then move slowly down the boundary toward the drain. Once the fire reached the AFFF nozzle
(which was now discharging water), the fire would quickly spread back across the test area and
the test would be terminated. A typical burnback sequence is shown in Figure 14.

The burnback time appeared to be unaffected by overhead sprinkler application rate (in the
range of application rates evaluated during this test series). As shown in Figure 15, the
discharge of water from the overhead sprinklers reduced the burnback times by over one minute
for Fire Scenario 2, but increased the burnback resistance by over two minutes for Fire Scenario
1. A direct comparison for Fire Scenario 3 is not appropriate due to drainage obstructions that
occurred during the test. Independent of the sprinkler application rate, the burnback protection
provided by the system to the hangar is lost shortly after the end of AFFF discharge and appears
to be primarily a function of the drainage characteristics of the hangar. A conservative
interpretation of these results would assume that burnback protection for the hangar is only

provided during the discharge of AFFF.

The ANOVA technique was also used to evaluate the effects that the various sprinkler
application rates had on the ability of the system/foam blanket to resist burnback. The analysis
was conducted for the three application rates evaluated during this investigation (0.0, 6.5 and
10.2 Lpm/m? (0.0, 0.16 and 0.25 gpm/ft?)). The probability determined for the burnback data was
0.68 suggesting that the results were statistically similar between the various application rates. In
conclusion, the sprinklers had little effect on the ability of the system/foam blanket to resist

burnback.

The results collected during both the intermediate- and full-scale test series suggest that
the primary variable associated with burnback may be the slope of the hangar floor and resulting
drainage. The results of these tests suggest that the steeper the slope of the floor, the faster the
AFFF would drain away. One could argue that poor drainage due to a somewhat level floor or a
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stagnent flow pattern created by the low level system, would increase the burnback protection.
This is supported by the results of the tests conducted with Fire Scenario 3 (no cascade/38 Lpm
(10 gpm) fuel flow rate). During the baseline test conducted without overhead sprinkler
application (Phase II - Test 4), the AFFF foam blanket provided thirteen minutes of protection
after the AFFF concentrate was consumed. This anomaly in the data was in part the result of
poor drainage in the test area during the test. The poor drainage was the result of a flow
obstruction created by instrument wires running across the test area that were accidently laid on
the concrete slab rather than elevated as during previous tests. These instrument wires channeled
the water flow away from the fire apparatus allowing the foam blanket at the base of the
apparatus to remain intact longer than during previous tests. It is believed that if this barracade
was not present, the burnback results would have been similar to the other tests (4-5 min).

6.3  Fuel Type Comparison

Throughout this test series there were minor variations in the fire suppression capabilities
of the system(s) for the two test fuels (JP-5 and JP-8). As shown in Figure 16, the JP-8 fires
were controlled in less than 30 seconds, and the JP-5 fires controlled in less than 20 seconds. The
JP-8 fires were extinguished in approximately 60 seconds and the JP-5 fires were extinguished in
less than 30 seconds. The plots on Figure 16 show definite trends in the data with the lower
flashpoint fuels being more difficult to control and extinguish than the higher flashpoint fuels.

Burnback resistance showed the greatest. variations between the test fuels. As shown in
Figure 17, the lower flashpoint fuels burned back quicker than the higher flashpoint fuels. For
the test scenario shown in Figure 17 (Fire Scenario 1 — 6.5 Lpm/m? (0.16 gpm/f*) sprinkler
application rate), burnback occurred for the JP-5 seven minutes after the end of AFFF discharge
as compared to only four minutes for JP-8. Although the burnback times for the lower flashpoint
fuels were faster than the higher flashpoint fuels, the duration of protection was not significantly
altered. In summary, these tests show that overhead water sprinklers (with application rates up
to 10.2 Lpm/m? (0.25 gpm/f?)) have minimal effect on AFFF foam blankets, independent of the
test fuel, fire scenario and sprinkler application rate. The tests show that a combined low level
AFFF extinguishing system operating in conjunction with an overhead water sprinkler system will
provide adequate protection for the hangar during AFFF discharge but the protection in terms of
burnback resistance, may be lost shortly (a few minutes) after the end of AFFF discharge.

The ANOVA technique was also used to evaluate how the test results varied as a function
of fuel type. The analysis was conducted on both the extinguishment and burnback times
recorded during this investigation. The technique was used to compare the results of the JP-5
tests conducted during Phase I to the JP-8 tests conducted during Phase II.

When analyzing the extinguishment times, the technique produced a probability of 0.005
suggesting that the 90% extinguishment times were different for the two test fuels. The times for
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complete extinguishment followed the same trends with a probability of 0.006 suggesting that the
100% extinguishment times were also different.

When analyzing the burnback times, the technique produced a probability of 0.053
suggesting that the burnback times were different between the two fuels with the lower flashpoint
fuel (JP-8) producing statistically faster burnback times. In conclusion, the lower flashpoint fuels
take longer to control (90% extinguishment) and extinguish (100% extinguishment) and burnback
faster than the higher flashpoint fuels.

6.4  The Fire Suppression Capabilities of an Overhead Water Only Sprinkler System

Four tests were conducted to evaluate the fire suppression capabilities of an overhead
water-only sprinkler system. The tests were conducted using three sprinkler application rates
10.2, 20.4 and 40.8 Lpm/m? (0.25, 0.5 and 1.0 gpm/ft*). The lowest application rate was
evaluated against both Fire Scenarios 1 and 3. The higher application rates were evaluated
against Fire Scenario 2. -

During this evaluation, the overhead sprinklers were activated prior to the development of
the spill fire on the concrete deck. This early activation provided an advantage to the sprinkler
system by not allowing the fire and fire effects (i.e., hot layer and plume velocities) to initially
effect the spray characteristics (i.e., droplet sizes and velocities) of the sprinklers. It was assumed
that if the fire grew relatively unabated, the system would not have been able to extinguish the fire

using a delayed activation.

During the three tests conducted with a sprinkler application rate of 20.4 Lpm/m?
(0.5 gpm/ft®) or less (Phase I Test #11, Phase II Test #3 and Test #10), the fire grew unabated to
it’s maximum size before the test was terminated due to the thermal conditions produced by the
fire. The fire also grew in size during the test conducted with the 40.8 Lpm/m?* (Phase II Test 11)

application rate but the results have various interpretations.

The spray patterns of the ESFR sprinkler heads used during the test with an application
rate of 40.8 Lpm/m? (Phase IT Test 11) are much narrower than the standard pendent sprinkler
heads used during the other tests. The higher flow rates and narrower spray patterns created
turbulent air flows around the fire which serve to push the fire away from the spray pattern of the
nozzles. During the test conducted with the ESFR sprinklers, the fire spread from the base of the
fire apparatus to the southwest corner of the test area. The fire never crossed the spray pattern of
a nozzle and remained burning in areas of lower water application rate (as determined by visual
observations). While the fire spread and increased in size, it never approached the size of the fire
observed during the previous water only tests. This was based on visual observations as well as
the thermal measurements recorded during the test. It is uncertain how the fire would have
behaved if the test was conducted in the center of a larger test area.
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When extrapolating these results to typical aircraft hangars with closed head sprinklers,
two bounding scenarios become apparent. If the conditions were such that an adequate number
of sprinkler heads opened around the fire, bounding it on all sides, there is a high probability that
the fire would have been contained (controlled) and would have only posed a threat to areas in
close proximity to the origin of the fire. A more probable scenario, however, is the fire spreading
away from the activated sprinklers resulting in a race between the size and location of the fire and
the activation of the overhead sprinklers. The most likely outcome of this scenario is that fire
continues to grow and the sprinklers continue to activate until the capacity of the pump supplying
the sprinklers with water is exceeded and the fire burns out of control. Further research is
required to validate these assumptions.

Additional information on the capabilities of water sprinklers to control and extinguish thin
fuel spill fires is contained in reference [13].

6.5  Temperature Analysis
6.5.1 Overhead Temperatures

During these tests, the fire suppression systems were activated shortly after the spill fire
reached an area of 9.3 m* (100 ft?). The ceiling temperatures measured in the area directly above
the fire were observed to rapidly increase to over 150°C (302°F) prior to the suppression system
activation. Sprinkler response times observed for 79°C (175°F), quick response heads during
previous hangar tests [2] suggest that a closed head system (quick response) in a hangar
application would have activated in roughly the same time frame. These previous tests also show
that conventional sprinkler response time models should not be used for hangar applications and
will not be included in this analysis.

During Phase I of this investigation, an instrumented steel beam was installed directly
above the test area. The beam was installed flush to the ceiling approximately 0.3 m (1 ft) above
the sprinkler heads. The beam was also installed during Phase II but due to technical difficulties,
the data was not recorded.

Throughout Phase I of this investigation, the steel beam temperatures followed the same
trends as the gas temperatures measured just outside of the test area. The beam temperatures
exhibited the same rate-of-rise characteristics of the gas temperatures but typically lagged 50°C
(90°F) behind. The beam temperatures and gas temperatures are shown in Figure 18 for Test I-3.
Due to the similarity in measurements between the beam and gas temperatures, it can be assumed
that the gas temperatures measured during Phase II are representative of the
exposures/temperatures of the structural members in the space.

After the system was activated and the spill fire was extinguished, the ceiling/hot gas

temperatures were observed to approach a steady-state value. The magnitude of this steady-state
value was observed to be a function of the heat release rate of the fire apparatus. The average
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steady-state ceiling/hot gas temperatures for the three fire scenarios were 200°C (392°F) for Fire
Scenario 1, 90°C (198°F) for Fire Scenario 2 and 40°C (104°F) for Fire Scenario 3 . These
temperatures were proportional to the heat release rate of the fire apparatus (excluding the spill
fire). A temperature history for each of the three fire scenarios is shown in Figure 19.

The cooling provided by the various sprinkler application rates included in this evaluation
is shown in Figure 20. As shown in this Figure, sprinkler application rates up to 10.2 Lpm/m?
(0.25 gpm/ft?) had only a minimal effect on cooling the upper gas layer and structural steel
members in the simulated aircraft hangar fire scenarios. Drop size distribution is one of the
primary factors associated with the lack of cooling of the hot layer provided by the sprinkler
system. These tests were designed and conducted at the minimum nozzle pressure allowed by
NFPA 13. Higher nozzle pressures would produce smaller droplets and would potentially
increase the cooling efficiency of the system. If the intent of the overhead sprinkler system is to
protect the structural integrity of the hangar, modifications to the system should be considered.
Direct water impingement from the sprinklers on the structural members is one option. Pendent
sprinkler heads installed in an upright position may accomplish the desired cooling/wetting.

Independent of the operating pressure of the system, the operation of overhead sprinklers
should provide significant cooling of adjacent aircraft due to wetting of the aircraft surfaces. This
is obviously a function of the orientation of the surface for both the wetting of the surface and the
radiant exposure to the surface. The protection/cooling of exposures provided by overhead
sprinklers is directly related to the application rate of the system. For example, an application rate
of 6.5 Lpm/m’ (0.16 gpm/ft?) can absorb 35 kW/m? if the water removes heat from the object and
in the process the water temperature is raised to 100°C (boiling). If all of the water is
evaporated, over 250 kW/m® would be absorbed. The magnitude of the energy absorbed by the
water may effectively negate the radiant exposures to adjacent aircraft.

6.5.2 Concrete Temperatures

The temperature of the concrete in the test area was measured in the center of the fuel
spill at two depths; flush with the surface and at a depth of 1.25 cm (0.5 in) below the surface.
The maximum surface temperatures occurred directly after the fuel spill reached steady-state
burning and typically ranged from 200-250°C (400-480°F). The temperatures measured at a
depth of 1.25 cm (0.5 in) lagged slightly behind the surface temperature with the maximum
temperature occurring about 10-15 seconds later and typically ranged from 30-80°C (86-175°F).
The maximum concrete temperatures recorded at a depth of 1.25 cm (0.5 in) below the surface
are shown in Tables 1 and 2 for each test.
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6.6  Exposures to Adjacent Aircraft
6.6.1 Point Source Model Description

Radiation measures were made at five locations around the test area; two at 2-3 m (10 ft)
from the center of the spill and one at each of the following locations 6 m (20 ft), 9 m (30 ft) and
12 m (40 ft). When the fire was burning at its maximum size (maximum spill fire
area), the average radiant flux measured at these locations is as shown in Table 3. These
measurements were relatively consistent between tests and appear to be proportional to the
inverse square of the distance from the target to the source, a characteristic of a point source

model [14].

Table 3. Typical Radiant Heat Flux Measurements

Distance From Fire Radiative Heat Flux
m (ft) kW/m’
3.0 (10) 35
6.0 (20) 12
9.0 (30) 5
12.0 (40) 3

A point source model is the simplest configuration model used to predict radiation to a
target. More realistic fire shapes give rise to more complex equations. The incident radiative heat
flux, q", predicted by a point source model is given by the following equation, as shown in Figure
21.

~ Q cosd
4 R?

Ny

(M

The variable QR is the total radiative energy output of the fire, 0 is the angle between the
vector normal to the target and the line of sight from the target to the point source location, and R
is the distance from the point source to the target.

When applying a point source model to a given configuration, caution should be exercised
when estimating the distance between the target and the point source. For example, during these
tests when the pool/spill fire is growing, the distance between the target and the fire can be
approximated assuming the point source is the center of the pool just above ground level. Once
the fire has reached it’s maximum size and the burning rate approaches a maximum steady-state

value (rh “=), the point source is still located in the center of the spill but at an elevation
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approximately half the continuous height of the flame. The flame height can be estimated using
correlations developed by either Heskestad [15] or McCaffrey [16] and the distance between the
point source and the target can be calculated using trigonometric functions. Consequently, due to
the nature of these calculations, the point source model is more robust for estimating radiation to
targets located some distance away from the fire but becomes more sensitive to the distance
calculation as the distance between the target and the fire is reduced.

There was also a concern that there may be a difference between what has been defined as
a spill fire as compared to a pool fire with respect to predicting exposures. During these tests, the
spill fire was observed to flow across the deck until the spill fire area was adequate to burn all of
the fuel being spilled. Once the spill fire reached its maximum size (which is a function of fuel
spill rate and drainage), the spill fire began to behave as a pool fire with burning rates approaching
the maximum theoretical valve (In”«). This is supported by the fire size and flame height
measurements made during these tests. In conclusion, there is a difference between the exposures
resulting from a spill fire and a pool fire. However, the spill fire is transient in nature and in a
majority of cases should approach the conditions produced by a pool fire. The conservative
approach to predicting the exposures to adjacent aircraft would incorporate the burning
characteristics of a pool fire [17].

6.6.2 Point Source Model Application and Comparison

Estimating the thermal radiation incident upon an object involves the following three step
process:

(1)  Determination of geometric characteristics of the pool fire; i.e., the determination
of burning rate and physical dimensions of the fire;

2) Determination of thermal radiation characteristics of the fire; i.e., the determination
of average emissive power of the flames; and

(3)  Calculation of the incident radiant flux at the target location.

For a known fuel flow/spill rate, the maximum fire size can be estimated using the
following equation:

Q=mAH, (2)

Q = the maximum heat release rate (kW),
m = Mass burning rate (in our case fuel flow rate), (kg/s)
AH heat of combustion of the fuel (kJ’kg).

C
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For a fuel flow rate of 10 gpm of JP-8 or JP-5, the maximum heat release rate equals
approximately 22 MW.

The radiative energy output (QR) is given by the radiative fraction, y,, multiplied by the
total heat release rate (Q):

Qp = % Q 3)

where the radiative fraction, g, is a function of pool area/diameter [18]. These values typically
range from 0.2 to 0.05 and decrease with increased burning area. For pool diameters in the range
evaluated during these tests (3-4 meters), the radiative fraction is roughly 0.2. This corresponds
to a radiative energy output of 4.4 MW.

Assuming that the radiation is normal to the surface (6=0) and that R can be approximated
as the distance from the target to the center of the spill, equation (1) can be applied to predict the
radiation at the target location.

A comparison between the predicted and measured radiant heat fluxes is shown in
Figure 22. The line on this Figure represents the predicted value at various distances from the
source. The symbols represent the radiant heat fluxes measured during these tests. The data
collected during this test series shows, for the most part, good agreement with that predicted by
the model. As the distance between the source and the target is reduced, assumptions pertaining
to the R dimension have a greater impact on the accuracy of the predicted exposure, and
consequently result in deviations between the predicted and measured heat fluxes at these close
locations.

The same basic comparison between the predicted and measured radiant heat fluxes was
also conducted on set of data collected during previous hangar tests [2]. This comparison is
shown in Table 4.

As shown in Table 4, the radiant heat fluxes predicted using the measured heat release
rates of these fires are approximately 75% of that measured during the test. There are two
possible sources for this variation. The first source relates to the measured heat release rates of
these fires. The heat release rates of these fires were determined using the mass loss rate of the
pan multiplied by the heat of combustion of the fuel. These measured values are approximately
75% of the predicted theoretical heat release rates of pan fires of this size. If a theoretical heat
release rate is used in the exposure prediction, the predicted results are typically within 10% of
the measured value. The second possible cause for this variation is the radiative fraction used in
the calculation. If a radiative fraction of 0.25 is selected rather than 0.20, the predicted results
again fall within 10% of the measured value.
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Table 4. Radiant Heat Flux Exposure Comparison

Pan Si Theoretical | Measured . Measured Calc,:ulaFed Cal?ulaFed
Test a;l 81226 HRR HRR Distance Flux Flux Using Flux Us’mg
m* (ft%) MW MW m (ft) KW/m? Measured Theoretical
HRR HRR
Warm Climate Tests
4 1.8 (19.3) 3.7 3.0 5.0(16.4) 2.6 1.9 24
5 | 3.1(33.3) 7.0 6.8 5.0 (16.4) 54 43 4.5
7 | 3.1(33.3) 7.0 5.6 5.0(16.4) 4.7 3.6 45
6b | 49(52.7) 11.1 1.7 5.0(16.4) 6.8 5.0 7.2
Cold Climate Tests
14 | 4.9(52.7) 11.1 79 7.1(23.3) 3.3 25 35
15 | 9.0(96.7) 19.7 15.7 7.6 (24.9) 5.0 43 5.4
17 | 9.0 (96.7) 19.7 143 7.2 (23.6) 55 4.3 54
18 | 3.1(33.3) 7.0 49 4.2 (13.8) 7.0 4.4 6.3
20 | 9.0(96.7) 19.7 14.6 7.2 (23.6) 55 4.4 54
21 121.2(228.0) 473 33.0* 7.2 (23.6) 9.0 10.0 14.5

* Estimated heat release rate based on previous data.

7.0

similar drainage characteristics of typical Navy hangars.

In summary, a technique for predicting exposures to aircraft resulting from large fuel spill
fire scenarios has been developed. The technique compares favorably to the experimental data
collected during this and previous investigations [2]. The damage potential from these exposures
is a function of the spill fire scenario, as well as the material characteristics of the aircraft. The
point source model will be used in a collateral damage assessment for establishing optical detector
performance [19].

SUMMARY

Twenty three full-scale fire tests were conducted to evaluate the effects of overhead water
sprinklers on AFFF foam blankets. One AFFF application rate (4.0 Lpm/m? (0.1 gpm/ft?)) and
two sprinkler application rates were included in this evaluation (6.5 and 10.2 Lpm/m? (0.16 and
0.25 gpm/ft?)). The tests were conducted against a range of spill fire scenarios. The spill fires
were produced using either JP-5 or JP-8 aviation fuels and were evaluated on a concrete pad with

47



The results show that the use of water sprinklers (with application rates up to
10.2 Lpm/m? (0.25 gpm/ft?)) in conjunction with a low level AFFF fire suppression system (with
an application rate of 4.0 Lpm/m? (0.1 gpm/fi*)) had minimal effects on the ability of the system to
suppress the fire and resist burnback. In all tests, the low level AFFF system was capable of
quickly extinguishing the test fire (control ~ 30 sec and extinguishment ~ 1:00) independent of
the sprinkler application rate. The time required for the fire to burnback across the fuel surface
was apparently a function of the drainage characteristics of the hangar and was only slightly
affected by the application of water through the overhead sprinklers. The tests also show that the
flashpoint of the fuel has an effect on the control, extinguishment and burnback resistance
capabilities of the system. Although the burnback times for the lower flashpoint fuels were faster
than the higher flashpoint fuels, the duration of protection was not significantly altered. In
summary, these tests show that overhead water sprinklers (with application rates up to 10.2
Lpm/m? (0.25 gpm/ft?)) have minimal effect on AFFF foam blankets, independent of the test fuel,
fire scenario and sprinkler application rate. The tests show that a combined low level AFFF
extinguishing system operating in conjunction with an overhead water sprinkler system will
provide adequate protection for the hangar during AFFF discharge but the protection in terms of
burnback resistance, may be lost shortly (a few minutes) after the end of AFFF discharge.

The fire suppression capabilities of an overhead water only sprinkler system were also
evaluated. Three sprinkler application rates were included in this evaluation (10.2, 20.4 and
40.8 Lpm/m? (0.25, 0.5 and 1.0 gpm/ft?)). The results show that sprinkler application rates of
20.4 Lpm/m? (0.5 gpm/ft?) or less have little or no capabilities to control and/or extinguish the
Class B fires evaluated in these tests. Higher application rates were observed to have varying
capabilities and require further evaluation.

The results of these tests show that overhead sprinklers provide only minimal cooling of
the hot gas layer for the application rates included in this evaluation. Consequently, the overhead
sprinklers provide limited protection for the hangar structure. The overhead sprinklers can
however, provide significant cooling of adjacent aircraft.

Radiation measurements made during these tests support the use of a point source model
in estimating the exposures to adjacent aircraft from spill fire scenarios. This type of model does
however tend to lose accuracy at locations in close proximity to the fire.

8.0 CONCLUSIONS

The data show that a low level AFFF system alone can achieve rapid fire control and
extinguishment without the use of overhead sprinklers. This is consistent with data in the
literature [20]. In these tests, with the nozzles adjusted/positioned in a less-than-optimum
configuration, control times ranged from 20-40 sec and total extinguishment of the spill fire was
generally achieved in 60 seconds. This is consistent with the requirements of NFPA 409 design '
objectives of 30 sec for control and 60 sec for extinguishment after system activation [7]. It has
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been demonstrated that the operation of overhead water sprinklers does not degrade the
performance of the low level system during AFFF discharge. Design criteria for Navy hangar
protection can be revised to incorporate AFFF application from only the low level system,
combined with overhead closed head quick response water sprinklers with the recognition that
burnback may occur shortly after the foam supply is expended.

The revised fire suppression system design will rely on several key parameters. These
include rapid and accurate detection of a fire, improved low level discharge characteristics/nozzle
design, adequate AFFF discharge duration and reliable operation of the low level AFFF system.
Work is being performed to establish appropriate performance specifications for optical detectors
installed in hangars [19]. This work is an extension of extensive work conducted by the National
Research Council of Canada (NRC) [21]. Alternative low level nozzle designs are also being
evaluated. These designs will consist of floor/drain level installations using a 4.0 Lpm/m’

(0.10 gpm/ft?) application rate [4]. An AFFF design duration of 10 minutes has been established
by NAVFAC as a reasonable time for the fire department to respond and supplement the effects
of the fixed fire suppression system. Efforts are also underway to identify and improve on AFFF
system components which reduce the reliability and increase the maintenance requirements of the
system.

9.0 REFERENCES

1. Military Handbook 1008C, “Fire Protection for Facilities Engineering, Design, and
Construction,” Headquarters, Naval Facilities Engineering Command, Alexandria, VA.,
June 1997.

2. Gott, J.E,, Lowe, D.L., Natarianni, K.A, Davis, W_, “Analysis of High Bay Hangar
Facilities for Fire Detection Sensitivity and Placement,” NIST Technical Note 1423,
National Institute of Standards and Technology, 1997.

3. Darwin, R.L., Ohman, R E., Norman, E.C., Gott, J.E., Hanauska, C.P.. “Foam and the
Environment: A Delicate Balance,” NFPA Journal, National Fire Protection Association,
May 1995.

4, Scheffey, J.L., Parker, A.J.,, Gott, J.E., Tabet, R.J., and Williams F.W._, “Design Study for
Low Level AFFF Systems in Navy Aircraft Hangars,” NRL Memorandum Report (in
preparation).

S. Back, G.G.,, Szepesi, D.B., Scheffey, J.L., Williams, F.W_, “Aircraft Hangar Fire

Protection System Evaluation Full-Scale Tests: Phase I Test Plan,” NRL Ltr Rpt
6180/0531, 16 October 1997.

49



10.

11.

12.

13.

14.

I5.

16.

17.

18.

Back, G.G., Scheffey, J.L., Parker, A.J., Williams, F.W., “Aircraft Hangar Fire Protection
System Evaluation Full-Scale Tests: Phase IT Test Plan,” NRL Ltr Rpt 6180/0599, 5
November 1997.

NFPA 409, “Standard on Aircraft Hangars,” National Fire Protection Association,
Quincy, MA, 1995.

NFPA 13, “Standard for the Installation of Sprinkler Systems,” National Fire Protection
Association, Quincy, MA 1996.

MIL-F-24385F, “Fire Extinguishing Agent, Aqueous Film Forming Foam (AFFF) Liquid
Concentrate, for Fresh and Seawater,” Military Specification, 7 Jan. 1992.

Szepesi, D.B., Back, G.G., Scheffey, J.L., Williams, F.W., Gott, J.E., “Aircraft Hangar
Fire Suppression System Evaluation - Intermediate Scale Studies,” NRL Ltr Rpt
6180/0552, 19 November 1997.

“Handbook of Aviation Fuel Properties,” Coordinating Research Council, Society of
Automotive Engineers, Warrendale, PA, 1983.

American Society for Testing and Materials, “ASTM Method D93 Pensky, Martens
Closed Tester,” 1997 Annual Book of ASTM Standards, Petroleum Products and
Lubricants, 1997.

Hill, S.A., Scheffey, J.L., Walker, F., Willimas, F.W_, “Tests of Alternative Fire Protection
Methods for USAF Hangars,” NRL Memorandum Report (in preparation).

Drysdale, D., “An Introduction to Fire Dynamics,” John Wiley and Sons, Chichester, UK,
1985.

Heskestad, G., “Luminous Height of Turbulent Diffusion Flames,” Fire Safety Journal, S,
1983, pp. 103-108.

McCaffrey, B.J., “Purely Buoyant Diffusion Flames: Some Experimental Results,”
National Bureau of Standards, NBSIR 79-1910.

Babrauskas, V., “Burning Rates,” The SFPE Handbook of Fire Protection Engineering,
P.J. DiNenno, Editor-in-Chief, National Fire Protection Association, Quincy, MA, 1995.

Beyler, C L., “Engineering Guide for Assessing Flame Radiant to External Targets from
Liquid Pool Fires,” SFPE working group paper, in preparation.

50




19.

20.

21.

Gottuk, D.T., Tatem, P.A., Williams, F. W, Scheffey, J.L., and Gott, J.E., “Optical Fire
Detection (OFD) for Military Aircraft Hangars: Final Report,” NRL Memorandum Report
(in preparation).

Scheffey, J.L., “Foam Agents and AFFF System Design Considerations,” The SFPE
Handbook of Fire Protection, National Fire Protection, Quincy, MA, 1995

Ouellette, M.J., Lougheed, G.D., Seguin, Y.P., Leber, AM., “Prequalification Testing for
Optical Fire Detectors for Use in Multifunction Hangars,” NRC Rpt A4218.1, 1997.

51






Appendix A

Test Data




CONTENTS
Page

Figure Al - Instrumentation layout .. ... .. .. .. .. ... . ... ... .0 oL .. . A3
Table Al. Aircraft Hangar Suppression System Evaluation — Phase I Summary Data ... A-4
Table A2. Aircraft Hangar Suppression System Evaluation — Phase II Summary Data . . . A-5

Phase I- Test #1 . . .. ... ... A-6

Phase I- Test #2 . .. ... .. A-8

Phase I - Test #3 . ... .. .. A-10
Phase I- Test #4 . .. .. . A-12
Phase I - Test #5 .. ... A-14
Phase I-Test #6 ... ... .. .. .. . A-16
Phase I - Test #7 . . . ... A-18
Phase I - Test #8 . . . .. . .. . e A-20
Phase I - Test #O . .. .. . . A-22
Phase - Test #10 . . ... .. A-24
Phase I- Test #11 .. .. .. . A-26
Phase I - Test #12 . . . . . A-28
Phase IT - Test #1 . . . .. ... A-30
Phase IT - Test #2 . . .. .. A-32
Phase IT - Test #3 . . . .. . . A-34
Phase I - Test #4 . . .. A-36
Phase Ii =TSt HS A-38
Phase I1- Test #6 . .. ... .. . .. .. A-40
Phase I1- Test #7 ... ... ... o A-42
Phase IT - Test #8 . . . .. ... . A-44
Phase I1 - Test #9 . . .. . A-46
Phase IT- Test #10 . . . . .. . A-48
Phase IT - Test #11 .............. S A-50



P/ y7z2z7z2z24: iz A2/

El
0.6m € .
2 JELN Tvn-*“* eF
I E @@ @ E Y A
(g [18 [17 A
S (15] [14] g_ 12 [
f;- [0os] [08 [07 [08
o4 [03 [02 [of]
X (HF) —3m
E A Fire______ Hﬂ A
w Apparatus (> e
A S //}:”\:\\ 6
/ .0 i ]— m
Test Area.____./ )\J.’o // Moo/
T
7

[xx Fire/Grid Thermocouples (0.25 m above deck)
Steel Thermocouples (Beam flush with ceiling)
A Ceiling Thermocouples (13.7 m above the deck; 5.0 cm below ceiling)

(HF) Heat Flux Measurements (0.3 m above the deck)

Figure A1 - Instrumentation layout

A-3




‘SI9uLIds PesyI2A0 Y3 ATUO [IIM P3IONPU0D sem 159} oYL - A INO

"189) a3 SuLInp pajeanoe Jou 21om SIdPUNAS YT - V/N
"PAYSINBUNXS SBM D11} JU} JaYJE [IUN PIAR[IP Sem UONEBATIOR J2[YuLds oY - QHAVTAA
"A[SNORUB)[NWIS PIIBAIIOR dJom WRISAS J IV [2A9] MO| pue WaisAs Jopurids oy - NIS

0079 VIN 00'% 009 00°€ 00:€ 00°¢ 00°L 00°S 00°L 007C 009 [ (S51eudsi(] J1JV JoyV) (Urur) Swiy yoequing
pe ON Ly 43 0€ €T LT St S ST 0 Sy (s) aut ] yaumysIBunXy %001
¥4 ON L L i Lt 44 94 62 91 S¢ o (s) suny yusumsMBUNXT %06
<'g 7 0¢ 154 0 0P 0v S'¢ 0'8 ST v 0 (o wzzl

0s $9 0 09 0L 09 $'S 0§ 07l (137 'S oL (Mogdw s

06 0Tl 001 06 0l 011 0Tl 001 07T 001 0¢l §sl (Bowi9

08T oLy 01¢ 05T 0'1€ 0€e 01¢ 0TE 00§ 0°0¢ 08¢ ES4 (Wonwoe

JU/MY “uotienydy je xnpg 1esy

(01y) (o1v) (o1y) (bee) | (o1y) { (019) (ree) | (T6) | Bzy) | B | (T6€) | (T68) )

01t 012 1] ¢4 061 012 012 061 00T 0Tt (1744 002 00T (do) D, ‘eamesadwa] Surred
4 1z 44 1T 1§4 ¥4 w €Z 44 w 61 1z NN 918y 9sea[9y 18y '1sd

(s¢) (s¢) (s¢) (s¢) (s©) (se) (sg) (0€) (s©) (o) (ov) (o)

L0l L01 L0l L0l L0l L0l L0l 76 L0l (44! (a4 U (1) w ‘uonenoy Je WSPH swel]

(06) (s8) (06) (06) (s8) (s6) (06) (06) (08) (s8) (06) (08) (ut ¢0) wo §Z7'1 = ydap
143 62 143 [49 62 s¢ € [43 Lz 62 43 LT (do) Do “dameradwa] 91210U0D

(00p) (00¥) (oop) (oov) | (oov) (oot) (oor) (0ot) (oot) (oov) | (oow) | (oob)

002 002 002 002 002 002 007 002 002 002 002 002 (do) Do “aameradwa] [ong

(78) (z8) (98) (z8) (v8) (z8) (88) (96) (98) (08) (zv) (28)
8L 9'L 0'8 9L 8L 9L T8 68 08 vL L9 9L (;¥) ;W ‘eary [idg Png
V/N XINO |Q@dAvVTIad| WIS WIS WIS IS WIS NIS WIS VIN V/N awi] uonendy Jopjundg

(0°0) (sz°0) Gro [Gro| ore | (Gro) | zo) | (szo) | (o10) | (010 | (00) | (00)

00 01 $'9 $'9 $'9 $'9 701 ol $9 $9 00 00 (Y/wds) uwud T ‘orey uonedyddy Jopundg

00:01 V/IN 00:S 00:01 00°S 00'¢ 00:01 00:01 00:01 00:01 00:§ 00§ (unwr) vonem( A4V
g 1mg my IUE mJ g Ul mJ 1 mJ g IUES 9pedse)) - OLIBUIdS AT,

(o1) 8¢ (o sg | (o) se {Con)sc| (o1)se | o1)ge | (o) ge | (o1)se | (o1) 8 | (01) 8¢ | (01) 8¢ | (O1) 8¢ (wd3) wd ‘a3ey moyq [ong

I I I I 1 l I ! 1 I 1 [ OLIBUSOS SIL]

8drl sdr 8dl 84l 8dr 8df sdr 8dr 8d( ¢df sdr 8df Tong
TIISOL [ T13SSL | 0T3sSL [63S8L | 8ISOL [ L3S9L [ 93SAL | G3S9L | pISOL | €3S9L | ¢IsaL | 11590

e Arewrumg | aseyd — uoneneay wajsAg uoissarddng 1eSuey yerny -y 9[qel




‘s1a]utids pesayIaa0 dY) A[UO Yim PIIONPUOd sem 183} YT - XA INO
131 9} SULINp PIjBATIOE 10U dIam SIapyuLIds oY, - W/N
“PaySIMBUNXS sem 211] oY) JaYJe [nun pake[ap sea uonjeanoe Jopyuuds ayJ - q4AVIdd
*A[SNOAUB)[NLUIS PAIBAIIOR 2194 WRJSAS IV [949] MO] pue walsAs Jopyuuids oy 1 - INIS

VIN V/IN 00°S 00°€ 00'% 00 00'F 00°€1 V/IN 00°C 00y | (983edsi 41V JoyV) (url) sty Yoequing
ON ON 09 119 s 6 oL LS ON 78 6€ (s) awn ] younsm3unxy %001
ON ON 18% LE 6€ 9¢ LY ST ON 0¢ € (s) aw] wswysm3unxy %06

4 ST ST 07 07T 0T %% o€ yorwzzl

06 Sy 0s ot ot oy 09 0L (yoorwie

011 $'6 011 06 06 06 0Tl 001 Woyuwiog

V/N V/N 09¢ 062 08¢ 0'1¢ 0°€¢ 00¢ V/N 00¢ 09¢ (yonNwog
AWM ‘uonen)dy 1B Xn[ 189

(98) (s6) (ro1) () (98) (zL) (89) (L) (8¥0) (rL€) (z6€)

0 < ov 94 0€ 44 0z ST 0zl 061 002 (d6) Do ‘@meradwa], Suria)

V/N V/N 12 w2 T 1z 1T w2 17 44 €T M 91y dsea]oy ¥eoH 15

(0g) (0¢) (s©) (0£) (0¢) (z9) (0¢) (z¢) (z¢)

V/IN V/IN 6 6 Lot 6 6 86 6 86 86 (1) w ‘uonenydpy e WBIoY swel ]

(1) (¢8) (L) (L) (sp) (1) (8) (09) (89) (99) (1L) (w1 0) wdoG7'| = yydop
87 4 ST 94 6 11 6 91 0z 61 44 (40) Do ‘ameradwa] 9jp10UCH

(081) (oL1) (002) (se61) (s61) (s6) (o01) (06) (o11) (00p) (oot)

8 LL €6 16 16 <43 8¢ (43 %% 002 002 (1) O, “vimjeradwa] [ong
(s8) (06) (06) (58) (s8) (s8) (s8) (06) (s6)
V/IN V/IN 6'L v'8 ¥'8 6L 6L 6L 6L '8 88 (¥) qw ‘eary [11dg [ong

AINO AINO VIN WIS WIS WIS nIs VN WIS WIS V/N awi] uoneny Jopuuds
(o1 (s°0) (0'0) (sz0) (91°0) (91°0) (5s20) (oo (szo) | (91°0) (00)
8°0p v'0T 00 zol $9 $'9 ol 00 7ol §'9 00 (y/wud3) ;wwd ‘s1ey uonesiddy sapjuLdg
V/N VIN 00:01 00:01 00:01 00:01 00:01 00:01 VIN 00:01 00:01 (urwr) vonem( JIIV

% % % % % ON ON ON ON A 1nAg Speose) - OLIEUDS aX1]
(s1)Ls (svLs GSws | e | GG | onse | (onse | (ondge | (on)ge | (o1)ge | (o1) 8¢ (wd3) wd ‘a3ey mo[] 1Ny
4 4 4 14 4 € € € € I [ OLIBUI0S I
8df 8dr 8dr 8dr 8dr 8dr 8df 8dr 8df 8df 8dfl eng

RN 011591 61591 SIS0 1159 0159, CISSL | PpISSL | ¢€39L [ ¢3IS9L | 131891

Ble(] Areurumg [ sseyJ — uonen[eas] wosAS uoissaiddng 1eduey] yelony 7-v s[q8L




lll‘ll[l‘]1llll|llll‘lll

IIIX'IIIII|IIl‘llfTTllll]l]l

@« o < N

1000

[o] saamjesadwa] puo

30

(=)

hlllI‘TIlllllllll!lllll [v]
L TN gw
. 00000 0
I S e o
. ¢ o moO
- o
[ N
- 0
. hand
- )
= -~
N
[ 7Y
_llll‘llJ|llllllllllllJ o
o (o] o o o o
o o 8 o o
o © < ()
=

[D] saimesedwa ) pun

Time {min]

Time [min]

L

llllITrlllllTTlll]l]llllIIlll

11!]!]171Illllllll1j1l

g 8 8 8 8
‘8. w0 © < N
[o] saumeredway puo
lllllllll]llll'llllllll
e
SYoXexs)
S S =
Ce 0N

lllIIIIll[frllllllLllllIll(ll

llllJJJJlJIIIllI_lllllJ
o o o o (=}
o [=] o (=) (o]
o (-] © < o
=
[0] saunjesadwa ) puUD

30

30

Time [min]

Time [min]

Phase | - Test #1



30
30

llllllllllllllll lllllllllllllllllllllll

Ceeef
F RO

25
|
(o]
*
o
n
25

20
20

15
Time [min]
15

10
10

IIIlllll‘lllll]ll]l]llIIIIII
l‘!lll’lll!]llll

lllllillll‘llllllllllllll

lllJllelllJIl]llllllll

o 2011 )

() o o o [« o o (o} o [@] o
8 8 8 8 S mn < ™ (sY) -
[D] seunjesadwa} (@915 gW/M XNid 1B3H

o o
:[ T l'l TV l LELER LS ' T l TT7V (2] 5 TI7T ] TTT1 I TTTH l TFrTT l 7 (]
[ o N
[ Yy Qs B
L. O 0o = o)
- PRRER N «
[ coeomo [
- o o)
B 8 J N
C T r ]
N e [ N
[ = L Jduw
= m nd - -
B E F ]
= ~ - =
- - Jdeo
- . Jw
—l ) 58 0 | 1111 l 1131 I 1111 l 1.1t (o) 1 (o)
(@] o o o o (o] o (o] o o o o
(= [ o o [@] (=} o [} o o
9 [+3] © < [8Y] wn < [} N e

[o] seinjesaduia) puo [D] sainjeiadway Buia)

Time [min]

Time {min]

Phase | - Test #1



IjlI]Tllllllll]llllli]ll'

- onoo
[ 00000
S e e e e
. oD mO .
- .t
_llllllllllllll‘lllllll i
o (=] o (@] (o] o
8 (=} [&] o o

© © < (<Y

[D] saunyersdwaf puo
1llllrIll]llllllllllllll_
[ NI N
. 00000
[~ EREER
. o e¢OmO
llll]llllllllillllllll H
o o o (=] o o
o o (=] (=] o
o ] «© ~r N
=

D] seunesedwaf pun

15 20 25 30

10

30

25

20

15

10

Time [min]

Time [min]

_[l]llllllllll‘l11ll]lllll—
T o~ooOo N
[ v Tnw o
[ OO0 00
T EEFE
. o e O =mO
i i
TS IR NN FEE NI FRERE AUES |
§ o o o o o
[} o o (@)
(3] (o) <t (oY)
e
[o] seinmesadway puo
lIlllllllllllllllllllll‘

Il[l‘lllI‘lllllllll‘llllllllld

l]l']lll[lllllllll'lll

|
o o o o o ()
o Q o o o
(@) «© «© <r o
=
[D] seanjesedwa | pUD

A-8

30

25

20

15

10

30

Time [min]

Time [min]

Phase | - Test #2



30

llllllTllllIllllllTlll1lJ
[ Jdw
B _N
- do
[ _N
- Jw
w
o -
= do
B _v‘
| — - n
- i
o
o o o Q [=] o
o o Q [=] o
n - {32/ (4] -
[o] seimjesadway |98)S
o
_lllIllllllllllllllllllll (o]
[ ~ o w
[ Qoo
L. 00000 7o)
B S O N
. O e D mO
- o
R N
[ 7y
)
- o
- h ol
— wn
llllllllllllllllll||lll o
o o o o o (=]
o o (o] o (o]
o [+0] (7] < N
e

[D] seanjesedwa ] puo

Time [min]

Time [min]

_l1r1Tl1lllllllll7]l‘lllII
- EEEq
= VOO
[ToeOm
-l!lllllllllllllllllllll
(=] [=] o (@] o
n ~ o« o -
WM Xnid yeeH

_llllllllll]rlllIllllllll_
-lllllllllllJll|lllllll N
o (o] o o o
Q (@] Q (=] o
w < o (oY} -~

[0] seumesadwa ) Bulgad

A-9

30

25

20

15

10

30

25

15 20

10

Time [min}

Time [min]

Phase | - Test #2



Illlll1|l]lllllllllll!71
B o N
| Q@R
[ 00000
I = gy =
[ o eomo
B i
~llLllllll|Jlllllll!llll
e 8 8 8 8 =°
o @ © < N
[D] seunjeiadws| puo
Illlllll]1llll]jllllllll_
_lllllllillllljlljlljlll
o o o o o o
o o [@] o (@]
o «© <© ~ N
e
[0] seumesadway puo)

30

25

20

15

10

30

Time [min]

Time [min]

ll(l[llll]lllllllllTIlll]rlIl

l]]lllllllllllrll]lTT]-

o (o] o o (=]

8 o o o o

@© 0 < [aY}

[0] seunjeradwa ), puo
1llllllll]1l—llllllllllll

III[]FIKllll!l‘lllllllITT1I1f

1000

A-10

S 8 8 8
8 8 § &
[0] sainjeiadwial pun

30

30

Time [min}

Time [min]

Phase | - Test #3



30

_ﬁ1lTIIll]llIlllllllllll~
- dw
B N
- 18
- Jw
_T—
- Je
-T"
[ Jdw
[ ~O
o (o] o (=] o o
o o o o o
wn <t (3] N -
[o] saunjesadway j98)s
. ©
_TT1IIIIlllllllllllllllll (2]
- QN WD
Qg
00000 0
FFEEFEE o
e DmO

Illllf!lllllll]lllllllIlIll1

1000

o o (o] o (o]
O (o} (=] o
© O < o
[D] seinjesedwia) puy

Time [min]

Time [min]

o
_lll'lllllllllll]llllll]l (]
- E
- EEEy
F VOO 0
—oeé0OMm 1Y
: H V.. o A
v ~ v
- o
i a
= 0
L -
- o
e
N
- 10
‘ o
o o
el < & « -
ZW/MY Xni4 YesH
: o
:(7TI]|l1l]llllllTlllYT'l A [}
B o
— 1
5 N
- Jo
- — N
- Jw
B n A d
R R
[ Jdo
N n -
[ — v
" N
o)
o o o o o =)
o () o o o
n < [} N -

[D] seunjesadwiay Buiie)

A-11

Time [min]

Time [min]

Phase | - Test #3



Illllllll](lll“ll[1lllllllli

lll'lllllll7llll11_‘|lll

1411 l 1 111 I 1181 l 1 11 I 1
§ 8 o o o
o o o
e «© «© <t N
[0] seunjesedwa ] pun
—I LRI ] T1 11 l T111 ‘ TT1TT7T l LR 1~
- -
X ]
-1 1.1 ‘
o o o (=] Q
o o (o] o Q
o o« w0 < N
[0] saumesadwa] puo

30

30

25

20

15

10

Time [min]

Time [min]

30

l‘l[lllllllll‘ﬁllllll17‘l>

. 00000 0
[ FREFE ol
[ cenDmoO
- o
B [V}
- 0
- S
- 0
-llllllllllllll]lllllJ o
[=} o o (=3 (o] (=]
o [=} o o o
o «© o < N
=

[o] seintesadwa] pun

o

_llll]lllll’Tllllllllllll’l o
[ cyuozw
_ OO0
T -
[ o e
i
nlljllllllllllllllll‘
(o] o o o o o
o o O (=} o
o @ © < N

[o] seinjeradwa] puo

A-12

Time [min]

Time [min]

Phase | - Test #4



30

lllIIIIIKIIIIIIIIIIIIIII]IIII

lll]llllllllll!llllleI

20 25

15

lllllllllllllllllll

10

Illlllllllllllj]lllll

o

(=] o o o o o
o o (=] o (@]
w < (2] N -

[D] seinesadway jeals

[=]

_lIII]TT!IIII‘I'IIIIIIIIII @
L ~Noww
L Qg
T 00000 W
[ FFRFF N\
. e 0 mO
- o
B ~N
[ 0
N
- o
[ w0
~llllilllllllllllillllll o
(@] o o o o o
o O Q o o
o @ © < N
e

[0} saamesadwa . puo

Time [min)

Time [min]

30

117llllillllllTl‘l‘ll]llll

Ceeef

15 20 25

10

TF LER BRI rrrt LN S O | T 11 ¢
| 1 i i

50
0

LW/ XNid YeaH

o
_IIII]lllllfl1l]111l]llll_("J
- dw
L q(\l
- o

(Y]
N ]

B N
— ~ @
- Jo
[ 1w
—llllllllllll|llll]lljl o
(=] o o (=] o (@]
o o o o o

wn ~ (o) o -

[o) saunjesedwa ) Buijien

A-13

Time [min]

Time [min)

Phase | - Test #4




-
-

lllIElIIIIIIITTI‘III[III'IIII

lll]lll]le]l](ll'llIl

lllllll]llllll]lJJlJll

1
o o o (o] o o
o o o o [«]
o @ © < (4]
e
[0] seimesradwa) puy
_l TT 7T l IR SAIR] I TTTT l L) l Tl l-
’-I 1.t 1 1 L 1.1 l
o o o (=} o o
o o o o [«
(@] [++ <© <t N
e
[D] seameiadwa} pun

30

30

25

20

15

10

Time [min]

Time [min})

|lllllllllllll'lllllilll

lill‘llllil'll][l]llllllllll

lllllll

[@] [@] (o] o o

8 (o] o o o
@ © <t N
‘[D] seinyersdway puo

_IlllllllllllllllIll[llll'

F ryeswe

T 0000

- eRERE

L o0 mO

_lLll!llllllllllllilillJ

(=] o (@] o o

o o [ o O

Q [+o] < <t ({Y)
[D] sauntesadwsa) puo

A-14

30

30

25

20

15

10

Time [min]

Time [min]

Phase | - Test #5



30

ATIIl]lllllll'lll!lll]llll‘
- Jw
R _N
- Jdo
[~ _(\l
: 1 €
_ N £
e _ -
- —'_ m
C ] £
- . (=
[ do
- u,‘—
= -
—IllllllllllllJJlllllll ] o
o o o o o o
o o [} (=] o
wn <t m N *
[o] sauneredway j91s
O
_lllllllll[llll]ll'll]llll [}
f o0
| Qoo
. 00000 0
e o
i o e D EmO
- o
[ N
C T
5 £
| n —
L \m ()
" E
- =
— e
- ©
llllll]llllllllllllllll o
o (=] o o o (=]
o (e} (=} o o
o o« <« < N
[pn] seimpesadwa ] puo

o
_llll]ll]l'l‘lll|llll1lll|l ()
o =3
- EEEq
F VOO
—oennm
—llll|lllllllltlllll
fe) o o [
w <t (] N -~
SW/MN XN|d 1eeH
o
_llll’]lﬁ‘l]lll‘l‘lllllllil_(’)
- dw
L 1«
- Jde
- 1N
- dw
| -V—
- Jdo
e
= 7o)
PllllllllllllLllllllIll o
o o o o o o
o o o o o
[Ve] < wm (4] *~

[p] sasmesadwa Buiie)

A-15

Time [min]

Time [min]

Phase | - Test #5




rITllllll]lllllllllllll]llllI

1"111(1']]]‘]1I]llllll

lljllJllllllllllllll!l

1
S 8 8 8 8
‘8_ «© © <t N
[0] saunjesadwiay pun

1

[ |

llll‘1ll|Illlllllllllllllllll

llI][lll‘lllllllll!lll1

lll‘lllllllllllll]llll

1000

[ o o o
(=] o o (=}
@ <« <t N
[D] seameradwa] pun

1t 4.t

30

30

Time [min]

Time [min]

30

_lllllllIlllIlllllll'l1jl~
T o~ ® O 1
L TR o i
- 00O
N e
- (sl B e
i
o o o o o o
Q o o o o
o @ © <t N

[o] sainjesadwa . puo

(e

’_Illllllll]lllllllTlll’Ill_C')
[ —~ o0 ]
- 1 t 1 1 t -
. O0000 e
R |—|—!—r9|- N
[ o eomo
- o
A N
[ 0
- o
- A
~]llllljlllllllllllllljl o
S 8 8 8 8 °
8 [2e) © < N

[p] samnjessdway pun)

A-16

Time [min]

Time [min)

Phase | - Test #6



lllllllIl‘lllllllilllllllllll

ll]lllllll!ll]illllll

LS llllllllll]lllll

lllllllllllll!llllllllllllll

L
o o o © o o
o o o o (=}
wn < (] N -

[p] sainjeradway |981S
-1lllllllll]lllllll]llllﬁ
[ ~cqoo2w R
[ qaqQqy ]
[ 00000 .
S e i
. OO0 ®O
I-Illlllllllllllllllllll
o o o o o o
Q o [«] o o
o [} © < o
e

[D] seanjesadwa] puo

30

25

20

15

10

30

25

20

15

10

(=]

Time [min]

Time [min]

llllllllllllll‘llll g

o o o (=] o
U] < « N -
2W/MA Xnid JesH

r‘llllill]lll‘llllllllll

llllllll]llllllllllllllll|ll

lJllJIll!lllll!llllll

(= (o} (o] o (o]
(=] o o o (=)
mn < (32 (8] -

[p) seinjeradwa] Buiied

A-17

lllllllillllllIlllllllllll!l

30

25

20

15

10

30

25

20

15

10

Time [min]

Time [min]

Phase | - Test #6




[unw) swiy

0t S 0e St oL S

LERLIBLEN R LU ULV ) 1 LI

0¢-0L o0
61-Ol =
gi-0l o
LI-0L ¢
91-01¢

——_~_*__—!n—h-______.b—-—-y_-_

llll]lllll(lllllllllllll

-

(U] ewi

(o
(]

S 0C 12 ol S

_.__.—-_

1 PNn J
L I ]

N UL ..r
a_
'

01-OLo
6-OL=
8-0L o
LOLe
9-0L¢

_____~___~.____~____-_n__—_._

lllllllll1lll!li]l1lllll

lllllllllllljllJJll

1111

009

008

000!

00¢

ooy

009

008

0001

L#1S8] - | 9SkYd

[o] seamesadwa) puo

[D] saxmesedwsa] puo

[unw] swt

0 T4 02 Gl oL S 0
CT T T T [ T At
. 3
— — 002
- — ooy
- si0lo 3 oos
- Vvi-Olm= ]
- €+0lo 1
— ci-Ol e - 008
H I rco..—. < .
.Ih il _ I _ 11 1 1 — ) . _ 11 — L1 —l OOOF

[uw] swiy
0e s (07 Sl oL 5 0
T _ 4 LR L _ LELIR LS _ LA o

L .
. ek} v,
- iut 002
- 00y
~ s0lo 009
T ¥Ol=
r €-0lo
— 20le 008
L 1-0lo
C 13 1 1 — | I ~ L.l 1.t _ Lol 1 _ L.l 11 _ 1 , OOOF

[D] sesnjesedwa ) pun)

[0] sasnjesadwiay pun

A-18




:I‘ITTIIllllllll]TTlT‘llllu
_llll]ljlllllllllllllJ 7
o o o o [] o
[=] o (o] (o] Q
wn < [0} [4Y] *-

[0] seinjesadway [9als
br'lIT]ll]IIIIII'TIIIIIIII_
[ ~anmww 1
[ Qg gq J
T 00000 -
I e = =y = == R
[ ceomo ]
t ¥
hlll]lllllllllJlllllllll
o o o o [} (@]
o o (o} o (@]

o [+0] (7o) <t N

[0} saunjesadwa} puo

30

25

20

15

10

30

25

20

15

10

o

Time [min]

Time {min)

‘ o
B (o)
B E
[ eeel
- MO~ 0
<o &éOm Y
- ©
[~ «
- 0
- A aad
" o

Q
— 0
5
~L1Jl o
o o o o
@ =4 ® ~ -

W/ Xni4 1esH

o
_l TrT l TTCL1 I TT11 FII II]]]IT 'l_ o™
- -y
- dw
N 1
[ do
- 1«
- T
_ | A aud
- -1
N i
- Jdo

=
- —
-]llllJlJ 1 l | I | ll’ll ] o

o o o o o P

o o o o (@]

st < ® « 2

[0] seumesadway Buya)

Time [min]

Time [min]

Phase | - Test #7



IIlllIl1lllllllllllll1ll_8 _lllll’]Il‘llllll]lllI]Tm
[ o N T o0 ® QO ]
[ Qg n L TTTRS i
T 00000 dw [ 00000 ]
e 1o I = ]
= O ¢ oOm O . . ¢C ¢ 0O mO 4
- de - _:
- —:N - -
C 1 £ :
B . ‘_E_‘ - -
o ] o |
[ ] £ N
- - i: -
T N " o
B i 5 |
) 4 ! Coaaadaaaa el essalsy !
o o (=] o o o [e] o o o © o
8 o o o o [=] Q o o o
Q w © < ol 8 © «© << N
[D] saumjesadwa} pun [0] seumesadwa g, puo
o
R ll‘lllllllﬁ]llll]llll_(’) _ll]llIlIllllllllll'l]llll_
8 N [ ~ N ©®< ]
L TNRQYY N L TAUL -
[ O0000 4w 00000 -
[ FFREE 1w - R N
. o eomoO i [ ceomo N
- 18 - .
_ R c r 3
B 3 E I 4
- p—e >
B [+] B kil
- E I 7
" L 4
- [ L §1
o - - s
B i 5 b
5 A B
= . -
lllllllllll]llllllill o Flllll]llllllllllllllLl
S 8 8 8 8§ ° 8 8 8 8 8
o @ o < ~N 9 «© © < (8]
[o] seuntesadwa} pun [o] saumesadwa | pun

A-20

15 20 25 30

10

15 20 25 30

Time [min]

10

Time [min)

Phase | - Test #8



30

1]]]![]]'![1][]][!]1111-‘
s 1
— 1
- do
[ _N
[ Juw
| -V-
- Jde
5 -"'
[ I VN
_llllllllllllll|lllllll -o
(=] o (@] o © o
(=] o o (=] o
wn <t (s} N -
[D] sasmesadwa] {991S
(=]
mllllllllllllllllllllll?l (2]
T ~ oW R
[ Qo i
[ 00000 v
R EF 1«
. O ¢ 0O m O 4
[ Jdo
[ _N
- Jw
- ) -
- e
- ©
I-l|II||IIllllll|llllllll o
g 8 8 8 8 °
8 @« ((o] < N
[0] seanyesadway puH

Time [min]

Time [min]

lllllllllll'llIlllll]lll] 8
- E -

[ EEEq ]
 NOOO - O
:"’000. -1
- Jde
N 1«
= Jdw
. b and
- o
N -
nead n
—lllllllllllllllllll

o o o o )
wn <t () N -
ZW/M Xni4 yeaH
o
’_11llll1]ll11]lllll‘|‘l‘[‘l- (o]
i Jw
- - N
- -{
B 1o
N a«
- Jo
. i A and
- Jo
e
[ — v
-llllllJJJlllll‘l|lllll . o
o o o o o o
S ba) o o o
wn < ™ [aV} -~

[0] seinjesadwa Buia)

A-21

Time [min]

Time [min]

Phase | - Test #8



_IIITIT(Illllllllllllllr]
N o ]
[ © 0 q ]
. 00000 -
= = ]
[ ceomo i
’-ll!JJllllllllllllllJllj
o o (=} o 8
8 (o] o Q

@K (7] < N

[D] saunjesadway puon
lll‘l_IIITIIllllI]llIlllll_
C QYW ]
[ O0000 -
[ R FE R
[ cenmo N
-JlJl!llllllllllllll|lll
o o o o (o]
o [@] o o [&]
o [eo] [V <t N
Q

[D] sainyesedwa] pud

30

25

30

25

20

15

10

Time [min]

Time [min]

o

—]llllll1lilllll‘rlllll“—m
ON~O®O ]
TR Rq i
O000O0 1w
o g 4 1o
e nmo |

lrll'llll‘llll|l1ll]llllllll

g 8 8 8 § °
e @® [{e] < N

[o] seamesadwa) pun

o

_I FUT l TI111 ‘ TTT1d ] Trri I LIS l‘l- (893
T ~a w0 ]
L TR ]
L O O dw
- 2ppep 1%
. O ¢ 0 MmO .
- o
R | o
- ©
- e
- 0
i
bl 111 l L0 1t I 1111 l 111 ] 111 ’ (o)
Q o o o o o
8 (@] (o] (@] o

] © < «

[o] saunjersdwiay puv)

A-22

Time [min]

Time [min]

Phase | - Test #9



o
o
(T2

llll]Tlll]Ill1ll1ll]11‘ll

Illi‘lllll]l‘llI]lllllllllllll

1000

() o () o
o (o] Q [&]
© © < ~
[0] seunjesradws ) pun

[ -

o o o o

o [} [=] o

<t m N -

[0] saumeladway 19slg
lllIr'lllllllllllllllllll_
— N T W :
aaqaa ]
00000 ]
e ]
O 0OmO -

30

25

20

15

10

30

25

Time [mi'n]

Time [min]

o
REARNRERRS BEREE REREEE RN R
[ ecef ]
F MO -'m
—Ooeé0Om 1
== -
| 1o
- oy N
. 0
= -
[ o o
: {E
- &l
[ ¢ 1
- X
[ o Y
- 4?"‘
— »
EENEEEENERENNE RRNNNE . o
(@] (@] o (@] o
wn <t @ N -~
ZW/MY XN|4 esH

TlTlIllT1]Tllllllll]Il1I 8
- -4
- -
N _N
C i
= -4
- Jo
N _N
- Jw
o)
- i
— -l ©
©
| -_
C N
. o
(@] [} o o o o
Q (&) o o o
wy <t m o -

[0] seamesadws . Buiia)

A-23

Time [min]

Time [min]

Phase | - Test #9



IIIIIIIT"IIIIKTIIIII’IIII
B o i
[ © K Q)T i
. 00000 ]
I = = ey i
= O 08B O .
B ]
—IIIJJJlllllllllllllllll
o (o] (@] o o
o (@] o o (o]
o @ <© <r N
e

[D] sainjeradwa] pun
Illl]I(IlIlllllllllTTlll_
[ TR TW i
. 00000 -
R i
- C O moO -
-lllllllllllJll!llllllll
o (o] o o o
o (o] (&} o (=]
o @ © < (Y]
=

[o] saunjeredway puo

30

25

20

15

10

30

25

20

Time [min]

Time [min]

6

o TC-1

IllllIlllllllllillf1llll|lll

1ﬁ1llllllIl|l]ﬁ]lllll1

7
8
g
0

¢ TC-1
o TC-1
n TC-

oTC-2

llllllllllllll!llllllJ

lllllllll[llll

Xlllllll

1
[« o [ o Q
(=] (@] (o] (=] o
o «© © < N
e
[0} seameiadwa) pun)

Illl]llIl[llll]llll!llll.‘
[ ~noww N
- 1 1 : [} . -
[ 00000 ]
R N
. O Dm0 .
5 N
"

Illl'lllJ[llllllJllllll
Q (o] o o [}
Q o o o o
(=] o« © <t o
e

[o] saimesadway puo

A-24

30

25

20

15

10

30

25

20

15

10

Time {min]

Time [min]

Phase | - Test #10




_lllllllllllllIl]lll I‘lll-
r R
I-llllllllllllilllllllll .
(=} o [w] (=] o o
(= o (=] [=] o
wn < [} (%} v

[D] seumeredway (881g
_llll Illl'lllllillll!lll
f s w ]
[ QaqqQq ]
. O0000 -
I e o e i
L. o e D w®O N
Fllllllllllllljlllllllll
o o (=] [wd (@] o
o o (=] (=3 Q
o [+¢] <«© < o
e

[D] ssimesadwa} pun

30

25

20

15

10

30

25

20

Time [min]

Time [min)

llll“lllllllll1ll.ll‘lTTT

-l

—oenon

"!lllllLllIll(

Illl‘lllllllll'llll[1lll

=
.
=
-
-
-
-
=
b=
.

(] (o] o (=} [o]
T2/ ~ (2] (s} -
ZW/M XN| TeeH

LR R BRI ELELR N B
ST ETANE FRENESVETERNE N
o o o o o o
O (=] [ o (=]

w < (2] N -

[0] semmesadwe] Bujten

A-25

30

25

20

15

10

30

25

20

15

10

Time [min]

Time [min]

Phase | - Test #10




LL#1S9] - | ®Seyd

[ujw] swiy [uiw) swi

o 74 02 Sl ot S 0 0 s 02 Sl 0l S 0

UNLEEELEN DL 7 S LAAE ML SR 0 l.._._.___T\n....xi.i,.iil.!iﬁ!ﬁ.ii!nl!ilo
- 00z @ — 002
- : a -
: 2 i
- oov § - 00¥
C ko] C
C @ C
- 02-0Lo 009 = L §0lo 9
- 6L-0Lm 5 - vOLw o0
- 81-0lo a - €1-0Lo
- L1-0Le 008 QO ~ 2i-OLe 008
L 91010 C 110l
C C
.l_-____——~—____._-_——hhn_-__ oooF l—_______ ______—__~______~__—_ OOOP

fuiw] swyy (upw] swiy

og s oz Si o} S 0 0 se 0zg Sk o} S 0
.l— LI L _ LR LS - R L _ L SR L) — LR .— — LB o l_ LI _ T 7T _ LB _ LR B — L LI o
- — ooz @ - 002
C . a C
C : 3 -
r Joor § C 00p
- ] © r
C ’ o -
L. 0tOlo —oos E ~ $0lo 009
- 60Lw ] 5 - »Olw
- 80Lo . @ r €0lo
. 2-0Le o8 & - ZOLe 008
L 9010 ] L 1010
.l~ | ___uhn_—hh_ _—_ ] -_!h_ | _- _—108—. l_ .| ___ L _~_ n_p_ -»—__n—_n_—._. OOO—.

[D] seanjesadway puo

A-26

[0] seinjesadwa ) puo




30

Illllllll‘llllll‘llll]‘lllll

1ll|l|lllllll|lll1]ll]l

25

20

15

10

llll'lllLIll!IIlllllllll[lll

llll]llllllllljllll

1138 o
o o (=} (=] o o
o o j=] o o
w <t [} N -

[D] seinjesadwa 1991S
o

_IlllllIIIllIll]lllllllll [42]
T v w i
L Qo q i
. Q0000 Jdw
R e = 1
[ ceomo ]
- Jdo
5 ]«
- Je
i N
- - ©

-"‘

- o
Plllllllllllllllllllllll o
o o o o o [«]
o o Q o o
o © (7o < [aY)

[D] sainjeredway pun

Time [min}

Time [min]

-ll|lll]|l‘|lllllll

]llllll||11]llllllll1ll

1

lllllllllllll!llllll!

8 ¢ 8 8 ¢
S/ XN14 1B3H
_I Ti17T TTT1 l LLSLER l T1i171 ] TT1 l-

llllllJlllllllllllllll

© o o o o
o o o (o] (=]
wn < [32] N -

[0} sainjeiadwa ) Buye)

A-27

30

25

20

15

10

30

25

20

15

10

Time [min]

Time [min)

Phase | - Test #11



o
_jlllllIl'llllllll\]']ll-(O
[ o i
E 9N R ]
. O0000 Jw
I = = gy 1«
. C e 0w O R
- Je
R _N
[ o
n -T‘
- Jdo
L -V—
-—ll!lJ
o o o o o o
o o (o] o o
o o (7o) < N
b

[D] seunmeiadwa) puo

(o]
_I)(Illlllllllllllllr111_(")
[ TR0 3
L OO0000 g w
T FRFFF 1«
L O ¢ O mO n
- Jde
B _N
- Juw
[ de
_ -\"'
- NP
~111|‘f|lJJ}111|._u o
o o (=} o o (=]
o o QO o o
o [eo) © << (2%

e
[0] saanjesadwa ) pun

Time [min]

Time [min]

o

ITI1]II‘1IIII!1IIIIIIIII
L_- OO OO :
L T TR Y ]
1. O0000 ]
N ]
T ocenomoO N
-lllllllllllllllllllllll
(o] (=} (=] o o
o o o o o
o «© © <t N

[o] sainjessdway pun
llllllilllllllllllllllll
[ ~no<ww 3
E S5660 -
I S S e e = i
- OO0 mO -
X ]
- -
5
h!llllllll]lllllllll
8 8 8 8 8
8 «© © < [aY]
=

[0} saunyesadwa] pun

A-28

30

25

20

15

10

30

25

20

15

10

Time [min]

Time [min]

Phase | - Test #12



(@] o
'_1 T llil‘l l TV 11 ] Trid I T 111 ™ B 1Illll|1]lfl1ill Illllll ™
N i [ EEEE ]
. E - MO o -
— -] & —oe0m —H &
n < - 18
C 1 € [
- - £ "
- —S 0 - L. 7o)
- - A m P~ -
¥ 1 £ [
" - ot "
- Jo - o
- K R
- i N - o
. N P D S S-SR SR
[} lll_llllllll lllllllll N o o
o o o [} (o] o o
o o o (o] o wn ~t ™ N -~
wn <t [o2] (Y] -
(0] sainjesedwa] @8lS 2W/M XN YeaH
(o] o
~| T |1_IT TTh I T1T 110 l i llllllll [+2] _l LIRIL} l |ll‘]lllr'll‘]](]'l [+s]
T ~ om0 ] [ i
[ agq ] X .
L Q0000 dw " Jdw
- RPERRER 1« " 1
= O 4¢o0mO . - .
- de [ Jde
- - N - - N
= 'E - -4
C € | N
| w e | - W
B A and 0 R R -
N £ [ .
- - L "
- o - Jo
ll|l|llllllllllll|l'lll o —lllllllllllllillllljlj ] o
o o o o Q o (@] (@] o o o o
o o o (o) o o (@] o o o
o (oo © ~r N wn <t (] o -
[o] seanjesadwa) pUD [0] seamesadwa ) Buited

A-29

Time [min]

Phase | - Test #12

Time [min}



. [@] o
hllll]T‘llllllllllllIllll (] ‘IIIIII‘IIT]‘llllljlllllll (f)
- [ orooo
. QR OD L T TR 9
L 0000 [ 00000 } 0
I I =y F
[ ceonm [ o enmo
- - 8 o
- . .:?
N g r .
B E }

n o [
N E i
- - - v
-lllllllllllllllllllllll o -lllllll]lllllllllllllll o
o o Q (=] 8 o o Q o o o o
o o o o 8 o o o o
e o) «© < al e [+2) [(e} ~ (Y]
[n] sainjesadwa pun : [0] seunmeiadway puy
o
NIIITIIIIIII7IIIIIIIIIIT o™
- Coeze
- 1] 1 [} ‘ 1
VOO 9
T FFFFEF o
T ceanomo
[ o
[ N
£ [
c N
— N w0
(4] | -~
E L
}_ -
-
- o
| A
- ©
N
llllllll]llJlJllllllllt o
o o o (=] o o
o (=} o (=] o
o «© © <t N
[D] saunjesadwiay puo . [o] seinesadwa] pun

A-30

Time [min)

Time [min]

Phase Il - Test #1



(@]
_1 T 7 ]Tl T [ LELBLIL! l LBLILIRI ' LIRSLIR S o)
- 0
[ N
- O
[ o~
- 0
L A ad
" o
B ~—
[ ©
_l 11t 1 1L 11 l 1111 ] 11 11 l J 1 1t o
(@) o o o (o] o
o o Qo o o
w < [32] [4Y] ~—
[D] seimeradwa] j981s
(@}
LR l LELILIR I TTT 11 TY 11 ] TTIT1d (]

IlllI)Ill‘l[llllllIlll]‘llllil

o o o o o (=]
o o (=] o o
o @ [{s] <t N

[D] seunjeradwa ] puo

Time [min]

Time [min]

(lllllllllllll[llllllllllT

50

T
m
m
m

3
6
9
12 m

<
*
o]
]

ZW/AN XN[d eaH

l(ll]llllll‘11]llllllli[

T T vV I [Ty [y T 1y
- N
- o
}' -
[w] o o o o

(=] o (=] o o

(Yol ~r (@} (4} -

[0] saxmesadwa] Buyed

A-31

30

25

30

25

20

15

10

Time [min]

Time {min]

Phase Il - Test #1



llllllll711117|l11117717

lllI]IlTllllll}l‘TIllll|]l||

lllllllllllllllll[lll]l

Il
o o (=] (=] o (@]
o o j=] o o
o @ ©o < N
e

[D] seinjesadwa} pun
l]ll,TIllllllllIl!l]llll
T TNy w ]
[ 00000 -
C FEFEFFE i
[ o eoDmoO
5
i
-lllllllllll]tlllll!llll
o (=] (=] (o] (o] o
o [} (o] o [«]
o <« <© < N
=

[D] saimesadwa ) puo

30

30

25

Time [min]

Time [min]

1‘[!11llllllllll1llllllll-‘
O~NOoOo O :
TR R TN
Q00O .
e vl e s N
O ¢ 0 mMoO

asis
st

S

s

>
‘-""‘

lllllllllllllﬁlllllllTll‘lIll

o o o o o o
8 o o o o
[>¢] © < N
e
D] seinjeradwa ) puo
"lT‘lllllll]lll]‘lllllIlll-
N M w :
1 (] ] t 1 -3
00000 ]
FEFFFE i
CeomoO

Illllllll]llililllllllllIlllI

o o o o o (=)
o Q o o o
Q [>e} w0 < N
=
[o] seunjeradwiag pun

A-32

15 20 25 30

10

15 20 25 30

10

Time [min]

Time [min)

Phase Il - Test #2




O
l[ll]l1ll]lIﬁ]llIllllll (]

- 0
[ N
- =)
[ o
- 0
R -
- =)
N -
- w0
—1 111 l L1 AL ' 111 lJ IS | ' 1111 o
o o o (o] (o] (=]
[=] o (=] o o
wn < (2] (aY] -
[o] saumperedwa] 1ga1S
o
_l TTU1 l TIT 171 l TTUl [ LELEL S l T11 I- [+0)
RN RN i
- 00000 dw
I i oy = 3o
. O ¢ O mO o
- o
B N
[ o
_ -
- o
B A aud
- | 0
_I W | 1 111 l [ l 1111 I 1114 (o)
o o (o] o (@} o
o o o o o
o @ [7e] <t N
[D] seunjesadwa] puo

Time {min]

Time [min]

Tlll]’l1llllllllllll|llll

Ceeef

F MO~

!
<
*
o
"

1!!!1[[!!}[‘1[]!11[]!!!1

LW/ XNId TeaH

ﬁillllll]1llllllll‘llll

llllllIllllllllll[llllllll
ll!llllllllll[lllllllllllll

o [e) © o o [=]
o o o o o
w <t (] (3Y) -~

[p] sainyeradway Buiie)

A-33

30

25

30

25

20

15

10

Time [min]

Time [min]

‘PhaseII-Test#Z




o
bllllllilllllllIlTll ll'll.-(")
[ o 1
. Q@ N O3~ ]
— OO0 O0O Juw
A = 1«
o eOmoO i
- -1 &
I i
- Jw
n -‘-
- Jdo

o

lllllilllllll!lll!l

lll!l o
o (=] o o o o
o o o o o
Qo © <« < (4
=

[D] sainjesadwa) pun

IITI[IIIIIIIII‘ITI]I!III 8
r— -

[ TN YYw ]
- 00000 10

FEEEE T«

| ceuomo N
n 38
X R
- duw
| -‘l-
- Jdo
= -1-
— ]
_llllllllllllllllll!lllll o
o o o o o o
o o o o o
o [+e) 0 < N
=

[D] seinesadway puy

Time [min]

Time [min]

30

||||ll|||l|]|ll]‘l‘lll'
~oo oo N
Tw R o .
[ONORGNS] -]
[ g 1
¢ 0w O u
do
1«
Jw
_V'
Jo
o

lll'llllllll!‘l!iJ'l}ll o

1000_!!!1![[|1]llIlll]flllllillll

o o (=) o o
o o Q o
@ o <t N

[D] seumesedwa] puy

(o]
hlllll{llllT1lllllll|1111_(’)
B N
- CNQFe X
- [} 1 1 ] 1 -
L 00000 — w9
9 ERERER J
. O ¢ D wmO .
- Jde
N 1]«
- Jw
- Jde
. 7s)
~llll]lllllllllIlJlll o
o o o o (@] (o]
(@] o o o o
o © © <t N

[D] seinyeradwia) pur

A-34

Time [min)

Time [min)

Phase Il - Test #3



30

25

20

15

10

30

25

20

15

10

_lllllllll]llll]1—lli‘[11 |
5 ]
- —
5 ]
_lllllll]l]JJllJllll|l111
o o o o o o
(=] o (=] (=] o
n < (<] N ~

[0] saunjesadwia] joo1g
_llll‘llllllllll]llllllT N
L ~ oS Ww N
L gy aag ]
O _
- 22RRR )
- O e oD moO -
- -
o o o o o
o o o o o
o [~ © T [aY]
e

[D] seinjeradwe] puo

Time [min]

Time [min]

‘_llll[llT]]lT]T11]ll]lll1_8
- E .
»-EEEN -
F MO0 v -1 0
—oeéeOm g SV
- Jdo
. A N
- dw
| -T"
- Jdo
L. - -
— w

X=)
o o (o] o o o
[Te] 3 ™ N A e

WM Xn|4 yeaH

o
_lllll!Illllllllllll]llll—C"}
- duw
i 1«
- Jo
C 1«
- dw
L -".
[ Jdo

©
- 4w
- -
-

lllllllll]llllllllllll o
o o o o o (<)
o o o o o
w0 < [} N -

[} seimesadwa] Buyien

A-35

Time [min]

Time [min]

Phase Il - Test #3



T

ITII]IIII]IIII’I[Il]llllllll

o
o
o
e
[0] saimjesadway pun
B
—ll|l||llllll|l‘lllll|ll
o (=} o o o
o o o o o
9_ w «© < N
[o] seunjesadwa pun

llll'llllIIITTIIIII_I1T—I‘IV

30

Time [min]

Time [min]

l1ll'll‘(l'llll!lllll|11l

1

TIIIIIII]IIII1]IIIIIIIIITYII

ll(llJleIlllllll)lll!l

1
o o [ (] Q
o o (o] Qo o
(@] @« © < N
e
D] seumesadway pun
_llllllllllllll]lllllllll
r.lIllllJJlJJlllllllllllll
o o o o o
o (= o o o
o @ 0 <t o
e
[D] saunjesadwa] puy

A-36

30

30

Time [min]

Time [min]

Phase Il - Test #4



Illeflll'llll!llllillll]llll

llll]llllllllllllJJlllll o
o o o o o o
o o o o o
w < (9} N -

[D] sesmyesadwa] feais

o

_lllIIIIII1¥III]71IIIIIII (]
o o o o [o] o
Q o [e} o [&]
o <« © <t N
=

{n] sainjeradwa] puo

Time [min]

Time {min]

-IIIIIIIIIIIIII]II111llll
€

- EEE

L oo™

—OoeOnm

-lllllllll]llllljlllllIll

o o o (@] o

[rs) < ® ~ -
W/ XNiH jelH

-

l1lllll1|ll17]1lillllll

llll[lllllllllll!llllllllllll

o o o [=]
Q

o

Q Q =1 =]

0 ~ ™ (Y] -~
[D] saimesadwaj Buyiad

A-37

o
(3]

30

Time [min]

Time [min]

Phase Il - Test #4




llIlllllllllllllllllllll

T

Illlll]ll(

20

llllll|ll]llllll1ll|llll[!1l

o [} o o (=}

o o o o o

o Q 0 A [s¥]

e
[0] saameladwa]. puy

ll17]l1l(llllllllllllll]
TAYYTR ]
(ONONONONG -]
FEFFE ]
C4e¢nDmoO .

LR SRR DL L ] TI11L L] T 1117 T I T 7
| | I | ]

-llllllllllljll]llllllll

(=] o o (=] o
o o (o) (@] o
o @ © < N
e

[D] seimesadwa] pun

30

25

30

25

20

Time [min]

Time [min]

1!‘[1'1!!][1111]111]'![1

llIl'llllIl!llll‘II‘iTlllIIlli

!

1

Ill!ll]ll

20

lllllJJJll'llJlllllIlll

o o o o o
S S S S o]
S o @ < «
[0] sainyesadwa ) pug

—llllliflll]llllll!1Tllll—

TNOED ]

SRR YO o) ]

e ;]

OeDmoO 3

IIII'I[I]‘IIIIIIIIlllll1|lll

(@] o o o o
o [} (@) O o
Qo <« < < N
Q

[D] saineiadway pun

A-38

30

25

30

25

20

Time [min]

Time [min]

Phase Il - Test #5



I1]'IIIII!II]IIIIII—IIII

1

.

IIlllllllllllllllllllIlllilll

[=] o (@] o o o
o o o o o
[Te] ~ (2] N -

[D] sainyesadwa] 9318
_‘II’T]I’!IIIIIIIIIIIIIIIIII_‘
f e w N
[ Qg 4
T 00000 -
- - ]
[ coeowo N
lljJ'llll'llllllllll]ll
o o o o o (=]
o o o Q o
o (+o] (o] < N

0] sainjesadwa] pun

30

25

20

30

25

20

Time [min]

Time [min]

o
~llll]l]1IIllflllllllllllJ (]
Ceeef :
F OO~ -4
~oeD ™ -4 &
- 18
- i <
- E
N ©
[ E
- (=
-
~l
2 ¢ 8 8’8 2 °
ZW/MY Xnid yesHy
w0
H
]
o
(4]
—
1
o —
bllllllll11]1[lllllll|lll- m Q)
[ ] n
: e 8
- 1w
[V
[ 5 ol
- e
B R N
: ] =
: E
- o
_ E
- i-
o o (=] o o (o]
o o o (&) o
n < [+2] (Y] -

[D] seunjesedwa) Buiged

A-39



llllllllllllIl]lllll111l|l1l

llll_]llilllllllllll‘llﬁ

lllllllllll

20

o
8

[D]) saumesadwia) pun
~Illl]—llﬁ11T1lllllIIIIll
[ wRYR ]
L 00000 -
I S e e n
. ¢ 08O 4
_lllllllljjll|llllIllllll
o o (=] o o o
o o (=] o o
(= @ © < (Y

[0]) saunyesadwa] pun

30

25

30

25

20

15

10

Time [min]

Time [min]

_lllll]l(lllllllillIlllll
T o~wmo o ]
L TR o N
. 00000 -
T FEFFF i
. O e 0O ®O .
_ll]llllll‘ll]lllllllill
o o o o o o
o o o o (e}
S_) @« © < N

[D] seunjesadway] pur)
_Tllllllll[llllllllIllll'l'q
- Coeze :
- 1 L] [ ] L] L] -y
[ 00000 -
I S =y = N
- e 0 moO -
-
_illllllllllllllllIIJJIII
o o (=] o o o
o (o] o (@] o
(=] <« «© < N

[0l seinjesadwa) puo

A-40

30

25

20

15

10

o

30

25

20

Time [min]

Time [min]

Phase Il - Test #6



T

llllllllllllllllllllilll

lll[l]Jllllllllll]Il

_l]ll]lllIIIII1]I]I|[llIlIl(I
o nmmtmtnt—— 1 |11

(@] o o o o
(=] o [=] o o
w <t (2] N ~

[D] saimeradwo] 9918
lllll"lllilllll]ll‘i‘l"‘llll
[ ~noww ]
L Y 4
L 00000 -
S = = =~y = ]
T ocenomo i
—Illlll]lllllllllllll!lll
o o Q o o o
o o (=) o o
o 0] © <r (8%}
=

[o] seimesadwa pun

30

25

20

15

10

30

25

20

~IIII]llll]]lllll]lt]llll-‘
Ceeef ]
- MO -1
_—OODI —
€ [ ]
E F
® -
£ N
c N
[=] o (o] (o] o o
n < ™ N -
ZW/A XNid JesH
-llllllllll"lllllllll'llll_
e [ ’
E F
o [
E [
|.-. -
: N
~Jllllllllllllllll|l]l]l
o o o o [«] (=]
(@} o o o o
n < « (9] -
[0] sainyesadwia] Buylen

A-41

30

25

20

30

25

20

15

10

(=]

Time [min)

Time [min]

Phase Il - Test #6



1

Illl[Il1l‘llllllllllllllllll

©TC-6

30

1lll|llll]]]llllll¥lllll
o i
N0 4
0000 i el
g S e ]«
¢ 0O MNO ]
Jo
iR

llll‘lJlJ[lJllllllllllll [«
8 8 8 8 8§ °
o © w0 ~t N
e
[D] sainyesadwa ] puy
(=}
llIllllli]?llllllllllll]n(‘)
TNRYW J
SRONONS dw
PRRER 1
C om0 ]
Jo
_N

I'llllllll}llllllllllllllllfi

15

10

Jllll!llll(llllllellll o
o o o o o o
o o [} (@) o
o [+3] (3] ~t N
Q

[D] semmesadwa] pun

Time [min)

Time [min]

30

_llllllllllllll‘[lllllIITT
T oNnwmoo R
L TR T o .
L O0000 dw
L - |«
. 0o e¢ 0O moO .
" do
B jN
- w0
. A and
- =
— w
—Jllllllllllllllllllllll o
o o o o o o
8 (&) o [« o

«© o <t o
e

[o] seimeiadws} puy

o

_1117]1lllllill]!11llllll~ o
[ ~om< w0 ]
- O O i
. O0000 Jw
- FFRFFF ]«
. O ¢ 0O mO i
- ek
- 0
B -
- o
" A ol
- 0
-lllllllllllllllllllllll o
(=} o o Qo (@] o
o o o o (@]
Q «© © ~ [aY]
=

[0] sainjeredwa] puo

A-42

Time [min]

Time [min]

Phase Il - Test #7



30

_1lllllll‘llll]lll(lll1l
- w
[ _N
[ Jdo
N _N
- o
- =]
- ©
—lllllllllllllllllllllll o
o o (=] o o o
o o (@] o o
[To] < ™ [3Y] -
[0] saumesedwa] [991S
(@]
~|Illlllllllll|lllllllll o™
[ oW ]
[ QqFNY ]
L O0000 dw
[ R 1
T oenmo ]
- Jdo
[ _N
|llllllll|lllllllllllll o
(=] o o [@] o o
[=} o o o o
9 [+¢] (7o} <t N

(D] saimpesadwa . puD

Time [min]

Time [min]

-_'lllllllll!llllllll]lllI.4
Ceeef ]
- MO O~ 1
—oeé0Om -
5 o o6
~Illlllllllll
) Q [=] o o
wn <t [y} N -~
2W/M Xnid JeaH

[ Illllll"1lll]llllllll1~
-

Illl'lllllllllllllllll
=) o (o) o o
o o o o o]
n < (o] [\ -

[0] sexmesadwa ] buitad

A-43

30

25

20

15

10

30

25

20

15

10

Time [min]

Time [min]

Phase Il - Test #7



IIIIIIIIIIIIIIIIIIIITIII 8
ad -
N o 3
L QN0 D N
T 00000 Jw
I e g =y = 1
. O e O moO -
- Jdo
[ RS
- . 1Y)
" |~
[ o
e
i
N
— [Te]
o
o (@] o o o o
o o o o o
o [ee) © < o
[0] saamesadwa] puo
o
_illIll[lllll‘l1|lllll]l17~(‘)
L LYY ]
. 00000 Jw
N !—l—tgi—l— 1«
. oeDmoO ]
- Jdo
[ J o
[ E ©
R |
- =
= 0
[ e =S awam =-=-_—"Elé.’-—*£
-lllj_llllllJllllllllllll o
(@] o o o o o
8 o o o o
@ «w ~ N
[0] seinelradway puo

Time [min]

Time [min]

ll‘l1llll1'l]lllll"(lllllll

6
7
8
9
0

¢ TC-1
¢ TC-
o TC-1
= TC-
o TC-2

-

IIlll‘lTIlIllIl[lll[]lllllTll

[ o 8 o o o
8 Q o [«3
e @ w < N
[D] seamesadwa] pun
_11]T]1|ll!llll]llll'l]l‘[_
~ AN W :
1 1 1 t [} -
00000 ]
FFRRFFF i
e nmo R

llllllIlll]ll’l‘llllllllf[lll

o o o 8 o o
g8 8§ 8 ¢ &
[D] seimjesadwa ] pun

A-44

30

25

20

30

25

20

Time [min)

Time [min]

Phase Il - Test #8



30

_11 L) I LI | IT] TITT l TV V1 I T lﬁ-‘
- Jduw
N B N
- de
[ _ N
[ 0
w

[ )
L -
- [Te]
}_I | | l 13 1.1 l LA l J A 1.1 l 1111 o
o (@] (=] [} o o
o o o [} o
n < (o] N A ad

[o] saamesadwa] 19818

(o,
_Illl]lllllllllllll]]llll_(V)
[ -~ mew ]

L qaqa ]
L 00000 dw
I = i
. o O EO .
- Jde
[ Y
- 0
o =
| h
- 0
hllll‘llll'\lllljllll!lll o
o o o (@] o (o]
(e} o o o o
(=] w© © < N
e

[0] seameredway puo

Time [min]

Time [min]

llllllllllllllll1jTT17

L eeel
F VOO

|
¢
*
o
]

Illl'llllllllfllllllllll

lllllllljlllllllll

pe.

-

llll!llllllll

o o o o o
wn < « N -
ZW/M XNid JedH

TIIlllll;l|||1IIlll|llll
-

o (=] o o (=}

o o [=] o (o]

w0 < «© N -

[D] seunjesadway Buiad

A-45

30

25

20

15

10

30

25

20

Time [min]

Time [min]

Phase Il - Test #8



o
__l“‘]'llll1lrll|]l‘T1l]l—(‘)
o N
DN 0P N
[ONONONGNG] — 0
(s s 1o
COen®moO ]
do
]«

lllllllTTT]lll[]TlTI]lll

wn
~
o
-
wn

[3 =

—lllll o

o o o (o] (@] o

o o (=] o (=]

o < © <t N

=

[D] saineradwa) pug)

o
_III'l‘[lllllllllllllllllll'_(V)
TNRTW ]

00000 dw
FFRFFF 1
O e o moO ]

de
_N

Illl]lllIl(lll'lllllllllll(l

Illllllllllllllltll

| 111 o
o o o o o o
o (=] o o o
o [+o] <« < o
e
[0] seameradwa] puo

Time [min]}

Time [min]

30

25

20

_lllllllll]llIl]llTIlllll
T or~rooO i
L T wd i
. O0000 -
I = =y = i
. e O MmO 4
ImlllllllJllllllJllllllllI
(@] (o] o o o
o (@] (o] o o
9_ o] s} ~r N

[D] seanjesadwa) puo
_llllllll‘llllll'lllI]Irl_r—
[ rnoww R
L 00000 3
I e = = ]
= ¢ 08O .
-
'-jlll I
o o o o o
o o (] o o
(=} [~} © < N
e

[0} seunjesadwa | pun

A-46

30

25

20

15

10

Time [min)

Time [min}

Phase Il - Test #9



30

illlllllll‘llilllllllllll
- Jdw
| 4§ N
[ de
[ _N
= 0
=it
- 2
- w
llllllLll‘lllllJlJJJlLlJ o
S 8 8 8§ 8 °
wn < (] N *
[0] saumeiadwa] [ea)s
o
~Illllllll'llll‘lllllllll_(')
[ oW ]
L Qg J
[ O0000 Hw
T FFFFF 1o
L. o e O MmO .
- Jo
- 1N
= [
= i
[ 0
B h
- o
e
[ o
lllllllllllilllllllllll Ke)
o o [e] o jo] o
o (=] o Q o
(=] [>e] 0 < N
=
[D] seamesadwa | pun -

Time [min]

Time [min]

o

_llll'lllf]lllllllll]llll_ w

Ceeef :

- MO 1w

:'OQDI _'_N

- Jdo

R 1«

C =

- E

o @

- E

- -

-

2W/NV X0 yesH

(@)]
+H*
afpd
0p]
kS
|

_'l'lll]lllllllllll‘l]tlll-8 Q)

- - 7))

C N ©

- 49 o

N ] ol

- do

[ K N

B 1 =

. . £

- ] w At

8 1~ o

C — E

- - -

- de

- d o

C o

o (@} o o o (=]

o o (@] o o

wn ~r o N -

[0] seimesadway Buie)

A-47



T

lllllllllllllllllll‘llll]lll

j'll"]T'llll.lllllllll

o TC-6
& TC-7
o TC-8
= TC-9
o TC-10

lllllllllllllill]ll[l]Ll

llllJllll‘lJljlll‘llllll
o o o o o
Q Q o o o
O [+o] «© <t N
[D) saimeiadwa] pun
‘ljllllllllllllllllllllll
TR
(CRCN GRS NS
e
Qe umoO

1![[1!![]([[[][!!I‘IIII]'III

IllllllliJlllllllllIlll

llllltlll[llllllllllllll

1000

& b < «~
[D] seampesadwia) pun

30

25

20

15

10

30

25

15 20

10

Time [min]

Time [min]

hllilllllllllll‘llllll]j
[ or~o0 oo ]
L T wnd ]
[ OO0 00 -
I ) o ]
. O ¢ D m O N
[ ]
-lll]lllllll_lll[llljlllt
o o (=] (= o
o QO o o (@]
e [++] ©0 < o

[0] sainjesadwa . pun
IIIIIIT1I]IIITIIITI]II ]
f - o< ]
Sppopopo :
I S o o = -
. O 6O moO N
- -
[
(=] o o o Q
[« (=} (o] o (=]
o <« o < Y]
e

[0] seinyesadws) puy

A-48

30

25

20

15

10

30

25

20

15

10

Time [min]

Time [min]

Phase Il - Test #10



llllllll'llIlllllllllll‘lll

lill!llJlllll]llllljll

llll‘lllllllll]llll]1ll

30

25

20

15

10

OulllllllllllllllljllllIII
5

L (=]
(@) o (=] o (=}
o o [e] o o
wn <t ™ N -
[o] sainjeladwa] (9a1s
o
_llllllllllllll]llll]T1ll-(V)
f o ew N
[ A 3
L O0000 duw
B e o 1«
. O e O mO .
[ Jde
R _N
- Jw
= -T“
- e
- 1w
llllllllllllll’llllllll o
o o (o] o o (@]
(@] (o] o o o
O @ <« < N
e
[D] seinjesadwa ] puo

Time [min]

Time [min]

Tl]llllllllllllllllllll

50

17]]I]l]llllllllll111

eeel

MO

]
o]
*
=]
n

(=} [w) [@] (]
~t (2] N -~
2W/M Xnd Jea

L]

NI ENENE RN RN RN

*llll]lllllIlll]llllll[l!lllll.4

500

A-49

lllllllllllllllll_l_rill

o o o (o]
(=] o [} o
~ (] N -

[0] saimesadwe Bulied

30

Illllllll'llll‘tlll'llll

30

25

20

15

10

25

20

15

10

Time [min]

Time [min]

Phase Il - Test #10



llll]llllllllll]lllllli

T

o

o

C onwmoR )
. 00000 ]
I = = =y = i
[ o enmo ]
—llllllllllLlll]‘llllllll
o o o o o
(=] o o o (@]
o «© (7e] < (3Y)
e

[D] sesniesadwa) pun
_Illrllll]]'ll‘l'lllll]lT]
[ T QRQYW N
. O0000 ]
I - = = ]
- [o2R JNoRE B¢ -
_Illllllllllllllllllllll
(=) [} o o o
o (=] O O [}
Q @® <© <t o
e

[0] sesmeiadwa | puo

30

25

20

15

10

o

30

25

20

15

10

o

(@]
._llll(ll]llIlIlllllillll_(')
T or~ooo 3
[ Twwnwo N
. O0000 Jw
S gy =y = 1
L O ¢ 0wmO 4
- Jd o
[ _N
€ [ ]
E . Jw
m N -Y“
E i
o n .
[ Je
e
- w0
~IL1I|lllll]lllllll]llll o
(@] (@] (] (=] [=] o
o (e} o o o
o «Q (7o} < (a1}
Q
[0] sainjesadwa] pud
(@]
_lllllllllrllllllllllllll_‘(')
T -~ o0 ]
- [ L L L —
. 00000 4w
 FFRFEE ]«
. e 0O moO R
- Jde
[ _N
[ ]
E - v
m N -f'
E [ X
‘—- - =
[ Jdeo
R -—
- 0
-llll llllll]lllllllllll o
(o] o (@] o o o
o O Q (] o
o «Q © <t [3Y]
e
[o] sainjesodwa) pun
A-50

Time [min]

Time [min]

Phase Il - Test #11



™

ﬁll[lllllllll]!‘ll]llll

IllllllIlllll]lllllll’lll]lff

25 30

20

15

lJIlIIlIllIIllll'Ill

10

o o o o o o
o o o (o] Q
["2] <t N (s} -~
[D] seumeradwa ] jaa1g
(e}
_llllllllllllllllllT]llll_(')
T O w ]
S B ]
0000 Jduw
I = 1K
. O 0 moO -
[ deo
[ ] N
[ Jw
| -‘—
- Jdo
| A aad
| — w
_llJlelllIll!llJlllllll o
o o o (o] o [=}
o [e] o o [
o [+] © <t ~N
=
[D] saimeiadwia] pun

Time [min]

Time [min)

leﬁ]lillll]‘llll]lll]l'1 8
E -
I ]
B o i
| _ - W
[oX Bel | al
n 38
" Jw
- —l'-
- Jo
o
5
-
aud n
.‘llllJlllll]llllllll‘ll]l o
o o (=) (=) o o
n <t ™ N -
ZW/MY X4 Jeaq
o
_]Tllll‘lllllllllllllllr- ™
" Juw
[ R N
- de
[ ] N
- Jdw
| -Y“
5 i
. Jdo
=4
— n
5
-llllllllllllJIIJlll|lll o
o o (@) o o o
(o] o o o o
w <r [5] N -~

A-51

[0] saunyeredwa] Bugyien

Time [min]

Time [min]

Phase Il - Test #11



Appendix B

Fire Scenario Analysis

B-1



Fire Scenario Analysis

The quantity of fuel burned in the fire apparatus was determined based on the ratio of
radiation measured with only the apparatus burning (shortly after the spill fire was extinguished)
to the value recorded when the spill fire was at it’s maximum size.

For example, during Fire Scenario 1, the maximum radiation measured at a distance of 3.0
m (10 ft) from the fire was typically 35 kW/m> This value corresponds to the steady-state
burning of all the fuel being pumped into the apparatus. The resulting heat release for this fire is
22.5 MW (based on the heat of combustion of the fuel). Immediately after the spill fire was
extinguished, the measured radiation dropped to 17.5 kW/m* which is one half of the maximum
value. For estimating purposes, it can be assumed that one half of the fuel was being burned in
the apparatus and the other half spilled on the deck.

Sample calculations for the three fire scenarios are as follows:

Fire Scenario 1

0" 25 sy = 35 KWim®

@y = 175 kWim?

; 17.5 kWim*

V = 38 Lpm —————— = 19 Lpm burned in the fire apparatus
AP e 35 kWim® ) PP
Vspf”ﬁ,e, 38 Lpm - 19 Lpm = 19 Lpm spilled on the deck

Fire Scenario 2

9" gosumy = 35 kWim?

(}"(ex,) = 7 kWim?

Viop = 38 Lpm T MW g6 Lpm  burned in the fire apparatus
fue 35 kWim?

Vsp,.”jw = 57 Lpm - 7.6 Lpm = 494 Lpm spilled on the deck




Fire Scenario 3

9" gas vy = 35 kWim?
Gy = 175 kWim?
: 2
Vipp = 38 Lpm 175 kWim~ - _ 1.9 Lpm  burned in the fire apparatus
Juel 35 kWim?
Vspi”ﬁ,,, 38 Lpm - 19 Lpm = 36.1 Lpm spilled on the deck

The radiation exposure at the base of the fire apparatus ramp was estimated using the
point source model developed in Section 6.6. The radiation measured at the 3.0 m (10 ft)
location immediately after extinguishment was scaled to a distance of 1.5 m (5 ft). These

calculations are shown as follows:

A N2
FireScenario 1 17.5 kWim? {——(ﬂ— = 70 kWim?
(1.5 m)2

' 2
FireScenario 2 7 kWim? Gm)y | 28 kWim?
(1.5 m)y

7 kWim?

2
FireScenario 3 175 kiwm? | B0
(1.5 m)?
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Statistical Analysis of Fire Test Data

1.0 Introduction

An analysis was performed to quantify the effect of various system parameters on the test
results. The overall goal of this analysis was to determine if a statistically significant difference
exists between the measured means of the test results for a given set of variables. This study
examines several sets of mean comparisons. The first set of two means analyzed was the time to
90% extinguishment for the two different fuels used in the tests, JP-5 and JP-8. In addition to the
90% extinguishment times, the 100% extinguishment and the burnback times were also analyzed
to determine if the mean values for JP-5 and JP-8 were statistically different.

The sprinkler application rates were also examined using this same technique. The
control, extinguishment and burnback time means were examined with respect to the sprinkler
application rates. The mean times for the various application rates were compared to determine if
the overhead sprinklers had any effect of the firefighting capabilities of the system.

2.0 Methodology

Two types of analysis were used to evaluate the test results. First a two sample t-test was
used to evaluate the effect a system parameter variation had on measured mean test results (i.e.
type of fuel, JP-5 or JP-8, verses burnback time). A two sample t-test calculates a t-statistic and
then compares this value to a table of probabilities. The corresponding probability used in this
case was for 90% confidence level. The probability reported indicates if there is a statistical
difference between two means for a given pair of variables [1c]. This type of test was also used
to determine if sprinkler system operation (i.e., any application rate versus no sprinkler system
operation) had any effect on the observed mean values.

The second type of analysis performed was an analysis of variance (ANOVA). The
analysis is performed on the three level parameters (i.e., sprinkler application rates 0.0, 6.5 and
10.2 Lpm/m? (0.0, 0.16 and 0.25 gpm/ft®) in order to evaluate the net effect of the variation. This
type of analysis quantifies the overall effect one parameter has on the observed variance and mean
values for a set of measurements. This type of level effect analysis of a mean value greatly
diminishes the influence of uncontrolied parameters in an experiment [1c]. The results of an
ANOVA are the mean value for a particular variable and a combination of variables, the sum-of
squares, the mean square, the F-ratio and the confidence probability. This information allows
conclusions to be drawn as to the effects test variables have on the mean variance of the results.
While conclusions regarding the ranking of observed influence are not appropriate for this type of
analysis, the ANOVA will clearly illustrate any impact the fuel type or sprinkler application rate
has on the capabilities of the system.
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3.0 Results and Analysis
Fuel Type Effects

A two sample t-test for the mean times for 90% extinguishment, 100% extinguishment
and burnback was conducted. The tabular results are presented in Table C1. In each case, the
calculated t-statistic and corresponding probability values illustrate the difference in the observed
mean values. The mean values for 90 and 100% extinguishment and burnback times are
statistically different at the 90% confidence level. The probability values are less than 0.10 and,
therefore, indicate that JP-5 and JP-8 have different effects on extinguishment and burnback
times.

Sprinkler System Effects

The ANOVA for the sprinkler application rates of 0.0, 6.5 and 10.2 Lpm/m? (0.0, 0.16
and 0.25 gpm/ft®) showed no significant impact on the mean times of 90 and 100%
extinguishment or on burnback. The calculated F-Ratios have corresponding probabilities greater
than the 0.10 indicating that the results of these tests were statistically similar for a 90%
confidence level. These results are presented in tabular form in Table C-2.

An analysis was then performed to determine if any sprinkler application rate had an effect
on the system capabilities. To accomplish this the means for two groups were calculated and
analyzed. The mean times for 90 and 100% extinguishment and burnback were calculated for
cases of sprinkler system operation verses non-operation. These results are presented in Table C-
2. In each case the difference in the means is not significant to the 90% confidence level.

Test 4 of Phase II was determined to be an outlier with respect to the reported burnback
time of 13 minutes. Chaurenets criterion [2c] was used to determine that the data point should be
rejected. The measurement was 2.4 standard deviations away from the mean value for the Phase
II tests. The chance of this being random is less than 1.2%. This data point was excluded from
the analysis.
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4.0

5.0

Conclusions

1. The mean time to achieve 90 and 100% extinguishment was less for JP-5 than JP-
8. The mean burnback time for JP-5 was greater than the mean burnback time for
JP-8. The difference in these mean values for these cases are statistically
significant at the 90% confidence level.

2. The Sprinkler application rate had no effect on the firefighting capabilities
(extinguishment or burnback) of the system.
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